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ABSTRACT
Molecules that are non-superimposable on their mirror image are named chiral or optically active
compound. Over the years, molecular chirality has played an essential role in the understanding
of fundamental aspects associated the origin of life, drug and food technologies and, asymmetric
catalysis, among others. Moreover, most of the groundbreaking discoveries and advances made
in this field have happened due to the development of spectroscopic techniques based on the
natural asymmetry of the enantiomers and their ability to preferentially absorb right or left
polarized light. For instance, circular dichroism (CD), which measures the difference in
absorption between these two states of polarized light, has emerged as one of the most useful
spectroscopic methods to identify and characterize chiral compounds. Unfortunately, CD is
based on linear absorption which, in most common organic molecules, takes place in the UV
region of the spectrum where the majority of organic solvents absorb as well. This certainly
imposes limitations in the indiscriminated applicability of this technique to the study of chiral
chromophores of biological interest in non-aqueous solutions. Consequently, a systematic and
comprehensive characterization of the electronic and optical properties of such molecular entities
still remains a major issue to be addressed. On this regard, nonlinear optics offers new
alternatives to overcome some of the shortcomings of the standard linear CD-based
spectroscopy.
In order to surmount the existent limitations in this field and deepen in the fundamental
understanding of chiral systems, we have mainly directed the attention of our research to the
experimental and theoretical study of the polarization dependent two-photon absorption (2PA) of
several chiral azo-compounds and binaphthol derivatives in solution.
iii

The first part of this dissertation (Chapters I-IV) covers a full characterization of the
linear and nonlinear optical properties of a series of non-chiral and chiral azo derivatives. The
combination of experimental techniques such as absorption, fluorescence, excitation anisotropy,
circular dichroism, two-photon absorption and two-photon absorption circular-linear dichroism
in combination with density functional theory calculations allowed us to unambiguously
distinguish and assign the spectral position of the main electronic transitions (n-* and -*) in
azobenzene derivatives. Our results represent a major contribution to the understanding of the
electronic structure of these organic chromophores which have been reported of potential interest
in the design of optoelectronic devices.
Then, Chapter V describes the development of a novel experimental technique called the
synchronized double L-scan for the study of polarization dependent multiphoton absorption in
chiral samples. The high sensitivity of this technique resides in the use of “twin” pulses to
account for energy and mode fluctuations of the excitation pulse when determining absorption
nonlinearities as a function of the light polarization. The robustness of this method was validated
by measuring the first ever reported two-photon absorption circular dichroism (2PA-CD)
spectrum on a chiral binaphthol derivative in solution.
Finally, Chapters VI and VII compile an ample experimental and theoretical investigation
of the chirality-dependent 2PA of axial enantiomers in solution. We combined the use of the
synchronized double L-scan technique with state-of-the-art density functional theory calculations
to provide a precise and reliable description of the contribution of the different electronic excited
states to the 2PA-CD and 2PA-CLD spectra. Our findings are foreseen to have a tremendous
impact in the comprehension of some of the most fundamental aspects of chiral phenomena.
iv
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INTRODUCTION
For many years, the systematic understanding of light-matter interactions from a
fundamental and practical point of view has caught the attention of chemists, physicists and
material scientists, mainly because some of the most promising technological applications related
to atomic or molecular architectures are based on the optical properties of these entities. For
instance, the design and study of new drugs with potential applications in photodynamic
therapy,1 human cells bioimaging,2 and optical data storage,3 are among many groundbreaking
areas in chemistry having a profound impact in the everyday life of our society. The advances
made thus far in the comprehension of optical properties of material have been mainly connected
to the use of different spectroscopic techniques which provide valuable information with respect
to their structural and electronic characteristics. Such a synergy between material design and
spectroscopy aims at unequivocally correlate the intrinsic electronic structure of any molecular
system with the performance of the function for which it was especially designed. Moreover, the
current boost in the marketing of ultrafast lasers has made possible areas such as photochemistry
and photophysics to reach a whole new stage in the understanding of optical phenomena at the
very molecular level.4
Among some of the most valuable tools for the study of the optical properties of
molecules, two-photon spectroscopy has undoubtedly become a leading technique for the
characterization of the absorption and emission properties of molecular-based materials.5,6
Particularly, two-photon absorption (2PA), a process by which an atom or molecule absorbs
simultaneously two photons to undergo an electronic transition,7 has been widely applied in the
characterization of dyes that show potential applications in areas such as microscopy,8
1

microfabrication,9 optical power limiting,10 and up-converted lasing,11 among many others. On
this regard, rapid advances in molecular engineering through the design of highly efficient 2PA
dyes have made a significant impact in different fields of technology. Furthermore, the
development of sophisticated computational models for the prediction of this property has
certainly benefited the rational design of chromophores with enhanced two-photon absorption
based on a systematic study of structure-property relationships.5,6
Overall, the fundamental understanding of the photophysical and photochemical
properties of molecules is founded in the combination of standard spectroscopic techniques,
including those based on the linear and nonlinear absorption of light, along with the use of stateof-the-art theoretical methods. With this is mind, the research presented in this dissertation was
first directed towards the thorough characterization and analysis of the optical properties of azocompounds, aiming to unveil and understand new spectral features that are only associated with
the dissymmetry of the excited states of these interesting molecules. Throughout our study we
found a new path to the understanding of optically active systems, i.e. chiral entities with a
natural molecular dissymmetry. Therefore, being aware of the importance of molecular chirality
in the design of drugs and food products,12 asymmetric catalysis,13 their relevant role in the
understanding of the origin of life itself,14 and more recently, in the design of materials with
negative refractive indices at optical frequencies,15 we decided to incur in this new field.
Considering all these aspects, a description of the main linear and nonlinear optical phenomena
studied in this dissertation is presented below.

2

1. Linear absorption and emission properties of molecular systems
In order to understand the relationship between the electronic structure of a molecular
system and its optical properties, it is extremely important to understand the characterization of
one of the most basic light-matter interactions, i.e. linear absorption of radiation. When a weak
electromagnetic radiation impinges on a molecule, the electric field of the radiation tends to
disturb the electron cloud of the molecule. The oscillating electric field of the electromagnetic
radiation creates at the same time an oscillating dipole in the molecule with which it interacts.
Therefore, the unperturbed energy (U) of the system now becomes a function of a uniform
electric field, E, and the dipole moment (), i.e.

. When the frequency of the incident

radiation is equal to the natural oscillation frequency of the electrons in the molecule, a
resonance condition is established between the two interacting parts (radiation and molecule).
Under this condition, a photon is absorbed by the molecule, creating an oscillating dipole
moment denominated the transition dipole moment (ij) and promoting the molecule to a higher
energy state (excited state). The estimation of the transition moment is highly important since it
describes the probability of certain transition to occur. In consequence, there exist an indirect
way to gain access to this theoretical parameter, by using the following relationship between ij
and the molar absorptivity ().16

,

Here

(1)

is the frequency of the light expressed as wavenumbers, e is the electron charge and the

square of the transition moment corresponds to the transition probability.
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For most molecules, the interaction between their different electronic levels and light can
be described by means of a Jablonski diagram (Scheme 1).17 For instance, the linear absorption
of excitation radiation by any molecular system is a well know phenomenon (approximately 1015

s) that takes place between the ground state (S0) and a higher excited state, Sn (S2 in this

particular case). At this point, it is relevant to highlight the fact that this absorption transitions
take place within the Franck-Condon principle, i.e. the electronic transition occurs between
vibrational levels within each electronic state such that the overlapping between their
corresponding wavefunctions is maximum (vertical transitions).16 Since the excitation usually
occurs to some higher vibrational level of S1 or S2, a very fast relaxation process (10-12 s or less),
called internal conversion (IC), occurs to reach the lowest vibrational level of the corresponding
electronic state (Scheme 1, double dashed line).

Sn

S2
IC

S1

T1
Phosphorescence

Non-radiative path

Fluorescence

Two-photon
absorption

Absorption

ISC

S0

Scheme 1.
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For most practical applications but not limited to it, these types of transitions in the
sample under consideration are determined by placing the molecules in solution. Hence, if the
chromophore of interest is polar, the dielectric properties of the solvent can strongly affect the
charge distribution in the ground and/or excited states, being the latter the more sensitive, thus
affecting the energy separation between those electronic levels. This is the outcome of having a
dipole (molecule) immersed in a continuous medium of uniform dielectric constant (solvent),
which can create specific solvent-molecule interactions or formation of intramolecular charge
transfer states. The extent to which the dielectric properties of the solvent can affect the
separation of between the ground and the excited state is described by Lippert equation:17

.

In this equation,

and

(2)

are the wavenumbers (cm-1) of absorption and emission,

respectively, and their difference relates to energy separation between the ground and excited
state. h is the Planck’s constant, c the speed of light, and a the radius of the cavity in which the
molecule is located in. The remaining terms,

and

, represent the dipole moment of the

molecules in their excited and ground state, respectively.
Once the atom or molecule has been taken to an upper (excited) energy state by the action
of a photon, it relaxes back to the ground state. This process takes place by two main
mechanisms: radiative or non-radiative decay. In the former, the relaxation process takes place
by emitting a photon from the lowest vibrational level of S1, giving rise to the luminescent
process known as fluorescence (Scheme 1, dashed line) which occurs in a time frame of
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approximately 10-9 s. On the other hand, the non-radiative pathway consists of energy dissipation
through vibrational modes, quenching or collisions between the molecules (Scheme 1, squiggly
line). A third possible deactivation mechanism for a molecule in a singlet excited state is the
possibility to undergo intersystem crossing (ISC) to the triplet state (Scheme 1, double solid
line). Nevertheless, such a pathway is, in principle, not allowed by quantum mechanics selection
rules since it implies a change in the spin of the electrons, although it can be induced by spinorbit coupling in the presence of heavy atoms.18 If the molecules indeed reach the triplet state,
both radiative and non-radiative processes can occur as well. The emission of photons from the
triplet excited state is known as phosphorescence (Scheme 1, dotted line) which is a much slower
process, i.e emission lifetime between 10-3 -10-6 s.17 All these mechanisms govern the lifetime ()
of the excited states.
In order to better understand the absorption and relaxation mechanisms described above, it
is important to take into account several rules that set the criteria for an electronic transition to
occur. Although they are strictly derived from quantum mechanics principles and, in
consequence, no exception should take place, sometimes interactions like those described
between the molecule and the solvent can relax these rules. Next, the selection rules for
electronics transitions in most common chromophores are summarized.

a) Selection rules
According to the dynamics described above, it appears like, as long as the energy of the
excitation radiation matches the energy gap between the ground and any excited state, absorption
will take place. However, several requirements or rules must be fulfilled for such a statement to
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hold up. Selection rules that differentiate between formally "allowed" and "forbidden" electronic
transitions can be derived from the theoretical expression of the transition moment, involving the
wavefunctions of the initial (i) and final (j) states:16

(3).

A transition with a vanishing transition moment is referred to as being forbidden and
should have zero intensity. However, it should be remembered that the transition moment of an
allowed transition, although non-vanishing, can still be very small, whereas a forbidden
transition may be observed in the spectrum with finite intensity if the selection rule is relaxed by
an appropriate perturbation. In general, two types of selection rules apply to electronic transitions
of most organic molecules: (i) the spin selection rules (S = 0), and (ii) the spatial symmetry
selection rules (l = 1). The former is a consequence of the fact that the electric dipole and
quadrupole moment operators do not operate on spin. Integration over the spin variables then
always yields zero if the spin functions of the two states i and j are different, and an
electronic transition is spin allowed only if the multiplicities of the two states involved are
identical. The symmetry selection rules, on the other hand, occur because the transition dipole
moment can vanish not only due to spin integration but also as a result of integration over the
space coordinates of the electrons. This is always the case if the integrand is not totally
symmetric or does not contain a totally symmetric component. In other words, for a symmetric
molecule, only transitions between states of opposite symmetry are allowed while transitions
between states of the same parity are forbidden.16
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An additional rule to consider arises from the “one-electron theory” of Condon, Altar,
and Eyring.19 If a molecule has a plane or center of symmetry either the sum of all the induced
electric and magnetic dipoles is zero, or the vectors representing the magnetic and electric
dipoles are perpendicular (orthogonal) to one another. A particular case when the magnetic and
electric fields will not be orthogonal corresponds to a single chromophore with two transitions,
one is magnetic and the other is electric. The asymmetry in the states perturbs the field so the
symmetry of the chromophore breaks down and the two transitions are no longer perpendicular.
This rule applies, for instance, to typical n-* transitions that are electrically forbidden but
magnetically allowed.
Overall, a vast amount of information can be extracted from the analysis of the linear
optical properties of molecular systems, and a direct correlation between that information and the
potential of using molecular-based technologies can be drawn. However, many practical
technological applications, based on very interesting light-matter interactions occur as nonlinear
processes. The following is a description of some those phenomena and their relevance in the
study and characterization of the optical properties of molecules.

2. Nonlinear absorption processes
The principles discussed above have been related to the absorption and emission of single
photon. Nevertheless, it is possible for an atom or molecular system to absorb two photons
simultaneously to reach an excited state whose energy is the sum of the energy of the photons
absorbed (Scheme 1). Such a phenomenon, known as two-photon absorption (2PA), was first
theoretically demonstrated by Maria Göppert-Mayer in 1931.7 It occurs by a transition to a
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virtual state located between real states. Since high light intensity is needed for this process to
occur, its experimental observation had to await the development of the first lasers.20
To understand this nonlinear absorption process, it is relevant to consider first the
nonlinear polarization behavior of a sample due to the action of strong excitation radiation.
When a material or molecular system is exposed to intense radiation such as that obtain with a
laser beam, the electric field component of light strongly perturbs the electron cloud of the
molecule taking it out of resonance with the frequency of light (as in the case of a weak light
source) in anharmonical oscillations. This nonlinear behavior in response of the charges, due to
the action of an external electric field, is the responsible for the appearance of several nonlinear
optical phenomena. In order to describe this perturbation, the polarization can be expressed in
terms of a power series in the electric field:21

(4).

Here, the

terms are tensor quantities, is a macroscopic parameter called

susceptibility of nth order. This parameter describes the linear polarization of the medium
through

, and its induced nonlinear polarization through

, where n = 1, 2,…. In

general, the susceptibilities are complex quantities having a real and an imaginary part.
Particularly, the real part of

describes the refractive index of the medium whereas its

imaginary part is directly associated with the linear (one-photon) absorption coefficient of a
molecule.
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Among many of the optical nonlinearities associated with the higher-order
susceptibilities, we will focus our attention to some of those specifically related to
instance, the real part of this tensor (

. For

) accounts for an induced refractive index change of a

sample due to the effect of a high intensity field (I  E2) such as that achieved with a powerful
pulsed laser. Then, the nonlinear interaction gives rise to the appearance of a nonlinear refractive
index coefficient (n2), a quantity intimately related to

:

,

(5)

and
.

(6)

Here n0 is the linear refractive index of the material, and 0 is the vacuum permittivity.
The nonlinear refractive index is responsible for the observation of the self-focusing (n2 > 0) and
self-defocusing (n2 < 0) phenomena, due to self-modulation of the incident beam.22
On the other hand, the imaginary part of the third-order susceptibility (

) relates to

the nonlinear (two-photon) absorption of the sample. As a consequence, the attenuation of light
beam passing through an optical medium is expressed according to:6

(7)
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Here, I(z) is the intensity of the incident light beam propagating along the z-axis and , ,

, and  are the one-, two-, three-, and four-photon coefficients of the medium (The imaginary
part of higher other susceptibility terms are related to higher-order multiphoton processes, e.g.
and

are connected to three- and four-photon absorption processes, respectively).

For the case of a two-photon process, the relationship between the imaginary part of the thirdorder susceptibility and the nonlinear absorption coefficient has the form:

,

(8)

being c is the speed of light in vacuum, and  is the frequency of light.
A very useful tool commonly used in optical spectroscopy for the evaluation of the
optical properties of a medium from measured spectra is the Kramer-Kronig (KK) relation. The
KK relation allows one to calculate the refractive index profile, thus the dispersion of a medium,
solely from its frequency-dependent absorption. This relation can also be used in the opposite
direction. Therefore, for the real and imaginary part of the third-order susceptibility the KK
relation has the following form:23

,

(9)

or
.
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(10)

The symbol P means that the integral is calculated using a limiting process called the
Cauchy principal value. The role of the Cauchy principal value is that the singular point ’ is
approached in a symmetric way from the left and right in the limiting process during the
integration over the real axis. This singularity occurs at the resonance frequency .
In addition to the two-photon absorption coefficient (), one can define a molecular
quantity called two-photon absorption cross-section (2) to describe the probability of the
transition to occur (see eq.11).22

.

(11)

Here N0 corresponds to the number of molecules that can be excited via two-photon absorption.
One fundamental feature of two-photon absorption is that the selection rules for
symmetric molecules are different from the one-photon selection rules. Principally, for
molecules with a centre of symmetry, 2PA is allowed only among states of same symmetry (even
parity), whereas one-photon absorption requires these states to have opposite symmetry (odd
parity). As a result, a whole different set of electronic states are accessible by means of twophoton spectroscopy.24 In this sense, McClain25 has highlighted that this is one of the principal
reasons to use two-photon absorption spectroscopy as a tool to study transitions that are strictly
forbidden for one-photon absorption. Additionally, two-photon excited states lie at twice the
energy of the individual photons (degenerate case); therefore, some excited states located in the
ultraviolet become more accessible.
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a) Experimental techniques for the measurement of the two-photon absorption coefficient
Considering the practical significance of having materials with relatively high third-order
susceptibilities due to their potential applications in many different fields,5,6 several techniques
have been developed to estimate the two-photon absorption coefficient () of molecules. Among
them, two-photon excited fluorescence (2PEF),26 degenerate four wave mixing (DFWM),27 and
Z-scan22 are among the most popular. In the case of 2PEF, a reference compound with a known
2PA spectrum is used as a reference to compare to the two-photon absorption of an unknown
sample under identical conditions. With this comparison it is not necessary to know parameters
related to the excitation beam (pulse energy, pulse duration, and temporal intensity distribution),
the wavelength dependence of the efficiency of the detector, or the concentration and
fluorescence quantum yield. Nevertheless, the main shortcoming of this technique is that any
uncertainty in the one-photon molar absorptivity coefficient leads directly to ambiguity in the
value of the two-photon cross section. On the other hand, DFWM is a more complicated
experimental setup that requires the use of three excitation beams of the same frequency to
induce the optical nonlinearity in the sample. In order to overcome uncertainty between
measurements and gain experimental simplicity, Sheik-Bahae and co-workers developed 1989 a
simple but very powerful technique for the simultaneous determination of  and n2, called the Zscan.22 In such a technique (Figure 1), a sample is translated along the propagation axis (z axis)
of a focused laser beam with a Gaussian intensity profile. This focusing geometry produces an
intensity distribution along the z-axis that becomes maximum at the focal plane of a positive
lens. When this intensity is high enough, nonlinear optical effects can be induced in the sample,
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thus altering the real (

) and the imaginary (

) part of the third-order susceptibility.

These variations can then be monitored in the far field.
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Figure 1. (a) Closed aperture Z-scan geometry. (b) Open aperture Z-scan geometry.

The closed aperture geometry (Figure 1a) is used for determining nonlinear refraction
(n2) whereas the open aperture geometry (Figure 1b) is suited for measuring nonlinear absorption
( in the case of two-photon absoption). In order to perform measurements, the transmittance of
the sample is monitored as a function of the position of the nonlinear sample (L) on the z,
direction. The required scan range in an experiment depends on the beam parameters and the
sample thickness. A critical parameter is the diffraction length (Raleigh range), z0, of the focused
beam which is defines as

for a Gaussian beam. Here, w0 is the focal spot size.

According to this model, the sample should be “thin” (L < z0) so that neither nonlinear diffraction
nor nonlinear linear absorption causes any change in the beam profile within the nonlinear
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sample. In order to guarantee that all the nonlinear behavior is properly taken into account, the
scan is usually performed across a distance of 5z0 or longer. The far field approximation is met
by setting the position of the aperture at a distance from the focus that is much greater than the
diffraction length of the beam (typical values are in the order of 20z0 to 100z0). In the specific
case of closed aperture Z-scan the transmittance factor of the aperture (S) is determined by its
transmittance in the linear regime, i.e. when the sample is far away from the focus. In most
common experiments, S is set between 0.1 and 0.5. Clearly, S = 1 represents the case when all
the transmitted light is collected and, as a consequence, the signal becomes insensitive to any
nonlinear beam distortion due to nonlinear refraction.
A typical closed aperture Z-scan output for a thin sample having nonlinear refraction is
depicted in Figure 2a. For n2 > 0 (solid line), or self-focusing nonlinearity, the signal presents a
valley followed by a peak in the normalized transmittance as the sample is moved across z. In
contrast, for a self-defocusing nonlinearity (n2 < 0, dotted line) the opposite behavior is observed.
In both curves, it can be noticed that the normalized transmittance is null at focus (z = 0). Such a
behavior is a consequence of the “thin lens” approximation. Nevertheless, from these curves, it is
possible then to determine the sign and magnitude of the nonlinear refractive index.
Figure 2b shows the typical result of an open aperture experiment. The key feature of this
approach is that the aperture has been removed and, therefore, the signal fully collected in the far
field is no longer sensitive to changes in the wavefront of the beam due to nonlinear refraction.
Instead, only the decrease in the intensity due to nonlinear absorption is monitored. When the
sample is far from the focus, the intensity of the Gaussian beam is not high enough to induce
nonlinear absorption and, therefore, the normalized transmittance (NT) is equal to unity which
15

only accounts for linear absorption. As the sample is moved towards the focal plane (z = 0) of the
excitation radiation, the nonlinear absorption process takes over because the intensity of the
beam increases, thus less light reaches the detector in the far field (NT < 1). The normalized
transmittance at the focal point is minimum, which relates to a maximum nonlinear absorption.
After the focal point the intensity of the beam decreases again, and the NT recovers its original
value.
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Figure 2. (a) Typical closed aperture Z-scan. (b) Typical open aperture Z-scan.

The two-photon absorption coefficient can be extracted from the normalized
transmittance (D2/D1) curve obtained within the open aperture geometry using the following
equation,

.
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(12)

Here

, I0 represents the pulse intensity at the focal plane, L is

the sample thickness, and w0 and w(z) are the beam waist at the focal plane and at a z-position,
respectively.
Although the description of the absorption and emission processes highlighted before
applies to any molecular system, in the following paragraphs we will focus our attention to some
of the most common linear and nonlinear optical phenomena associated with molecular chirality.
Clarifying these points in the introduction is of extreme relevance to understand some of the
work presented in this dissertation.

3. Absorption properties of chiral molecules
Up to now, we have discussed the principles lying behind linear and nonlinear absorption
processes as well as relaxation mechanism of molecules regardless of their spatial orientation.
However, if one considers this feature, as in the case of chiral molecules, some other optical
properties arise. Such properties are called chiroptical. A molecule is considered to be chiral or
optically active if it does not superimpose with its mirror image.28 Before considering the
correlation between chiroptical properties and molecular dissymmetry, it is important to inspect
the typical features of polarized light, their behavior in chiral medium, and the manifestation of
chiroptical phenomena.
In order to analyze the polarization states of light, it is first necessary to consider two
orthogonal optical waves moving through the same region of space.29 Under this condition, we
have:
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,

(13)

and
,

(14)

where  is the relative phase difference between the waves, both traveling in the same z
direction. E0x and E0y are the amplitude of the electric field in the x and y direction, respectively.
In this case, k represents the light wave vector,  the frequency of light, and t time. The
combination of these two optical waves can be expressed as:

.

(15)

If  is zero or a integer multiple of  2, the waves are considered to be in phase and,
therefore, equation (15) becomes
.

This resultant wave has a constant amplitude equal to

(16)

, or in other words,

the light is said to be linearly polarized. Consequently, as the waves propagate towards a plane of
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observation, one observes a resultant electric field vector that oscillates cosinusoidally in time. It
is also possible to obtain linearly polarized light if the phase difference between the two
orthogonal waves is an odd integer multiple of .
A especial case of polarization state of light arises when the amplitude of the two
propagating waves is the same, that is E0x = E0y = E0. If additionally, the phase difference is set
to be (-/2 +2m), where m = 0, 1, 2,…, then the electric field components established in
equations (13) and (14) take the form:
,

(17)

.

(18)

and

The resultant wave

shows a constant amplitude

but a time varying direction. Therefore, this resulting wave is said to be circularly polarized. In
the case of phase difference between the two propagating waves is equal to (/2 +2m), the
resulting wave will have the same amplitude as well, although it will rotate in the opposite
direction,

. If an observer is placed in front of the

propagation direction, it will identify the first circularly polarized beam rotating clockwise; in
which case such a wave is right circularly polarized. In the other case, the resulting wave will
rotate counterclockwise and, therefore, it is identified as left circularly polarized. The
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combination of two circularly polarized light beams of the same magnitude and opposite
direction generates a linearly polarized beam.29
When a linearly polarized beam passes through a chiral medium, its two circularly
polarized components show different refractive indices (nL  nR) and different absorption
coefficients (kL  kR). These effects give rise to two of the most well known chiroptical effects,
circular birefringence and circular dichroism, respectively. The first effect is responsible for the
rotation of a linearly polarized beam when passing through a chiral solution, also known as
optical rotation. The second chiroptical phenomenon implies that one of the two circularly
polarized components is preferentially absorbed by the medium, creating a dissymmetry in the
magnitude of the electric field vector (Scheme 2).
ER + EL


ER - EL

Scheme 2.

As these beams keep propagating through the sample, their rotation will be no longer
describes a circle but an ellipse instead.28 Therefore, ellipticity () is defined by an angle so that
tan represents the ratio of the minor to the major axis of the ellipse. This quantity can be
expressed (in radians) according to:30
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,

(19)

where A = AL – AR is the circular dichroism, and AL and AR are the absorbance for left and right
circularly polarized light, respectively. The experimental quantity of interest, molar ellipticity,
takes into account the concentration of the sample (c) and the path length (l):

.

(20)

The previous quantities are commonly used as a reference in experimental measurements
of the circular dichroism of chiral samples. Conversely, the difference in the molar absorptivity
for left and right circularly polarized light () can be theoretically estimated according to the
following expression:31

.

(21)

In this equation,  is the frequency of radiation, g() is the normalized line shape, NA is
Avogadro’s number, c0 is the speed of light in vacuum, and 0 is the vacuum permittivity. The
linear circular dichroism rotatory strength (fR), for a transition occurring between the ground

21

and a final electronic state

, involves the transition matrix elements of the electric () and

magnetic (m) dipole operators,

.

(22)

Since circular dichroism is based on the differential absorption of left and right circularly
polarized light by a chiral system, it is possible to establish an analogous process based on the
differential nonlinear (two-photon) absorption.

a) Two-photon circular dichroism
Tinoco32 and Power33 were the first to recognize theoretically the potential of using twophoton circular dichroism (2PA-CD) in the study of chiral samples. It is defined as the difference
in two-photon absorption cross section (2) for left and right circularly polarized light:31

.

(23)

In this case, fRTP is known as the two-photon circular dichroism rotatory strength, which
is calculated according to sum-over-state expressions (Chapter VII).31 In the previous equation,
the circular frequency is assumed to be the same for the two absorbed photons, and the circularly
22

polarized beams are set to propagate parallel to each other. According to McClain,25 polarization
methods available in two-photon spectroscopy allow the identification of transition symmetries
that are not possible by one-photon spectroscopy. This is particular relevant in the case of chiral
molecules where the combination of spectral features that can be seen by both one- and twophoton methods is expected to help in the identification and assignment of the correct chiral
configuration.
Although 2PA-CD has been subject to several theoretical studies in the past,32-35 its
experimental determination has remained unexplored. The great potential of two-photon circular
dichroism and other related phenomena in the analysis of chiral systems has sparked our interest
to undertake a comprehensive study of the nonlinear absorption phenomena associated with
chirality. Next we present the results produce by the flame ignited with that intense spark.
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CHAPTER I: FLUORESCENCE EMISSION OF DISPERSE RED 1 IN
SOLUTION AT ROOM TEMPERATURE
Reproduced with permission of the American Chemical Society from: Toro, C.; Thibert, A.; De
Boni, L.; Masunov, A. E.; Hernandez, F. E. J. Phys. Chem. B 2008, 112, 929-937.

In this first chapter, we focus our attention in the thorough understanding of the
main electronic transitions and optical properties of Disperse Red 1 (DR1) in
solution at room temperature. The interest on this subject arose from our attempt
to clarify some discrepancies reported in the literature with regard to the explicit
identification of the nature and spectral position of such transitions. In order to
accomplish our objective, a full photophysical characterization of this
chromophore was carried out by measuring the linear absorption, fluorescence,
fluorescence quantum yield, excitation, and excitation anisotropy in methanol,
ethylene glycol, glycerol and phenol solutions. Additionally, theoretical
calculations using time-dependent density functional theory were performed to
interpret the experimental observations. In this context, solvatochromic effects as
well as isomerization constraints of the molecular structure are discussed in detail
to explain the experimental observation of fluorescence emission of this
compound at room temperature. Based on the results and the synergistic
combination of linear spectroscopy and theoretical simulations, we were able to
identify and assign the main electronic transitions in DR1. In general, we expect
that the principles discussed in this chapter will serve as a reference point in the
understanding of the photophysics of azo-derivatives.

27

I.1 Introduction
N-Ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline, better known as Disperse Red
One (DR1), is one of the most studied azobenzene derivatives because of its photo-orientation in
thin films.1 DR1 has found many applications in optical data storage and optical switching.2,3 In
this azo-compound, the n* and * transitions overlap, and it has been indicated that the
latter is the lowest-excited singlet state with the strongest absorption due to its push-pull
archetype.4,5 However, recently published works have reported that in push-pull azo-derivatives
the * is still higher in energy than n*.6,7 DR1 molecular motifs lead to a structureless
absorption band in the trans-isomer and this fact places it in the pseudo-stilbene-type azobenzene
category.8 As a consequence of the charge transfer transition, the * band shape of donoracceptor azobenzene dyes, such as DR1, display a strong dependence on protonation9 and
complexation.10
Emission in protonated azo-dyes in H2SO4 at 77 K with fluorescence quantum yield as
high as 0.1 has been reported.11,12 However, it has been proven that pseudo-stilbenes type
azobenzenes are not good emitters. Even at low temperature (T ≤ 77 K)13 and adsorbed to
surfaces14 their nonradiative decay rate overwhelm their radiative decay.8 Therefore, to the best
of our knowledge, there is not a full true report in the literature addressing the fluorescence
emission of DR1 in solution at room temperature. Being able to promote stronger radiative decay
in donor-acceptor azo-compounds and understanding their mechanism is in great need to fully
elucidate the optical and spectroscopic properties of this family of organic molecules.
Herein, we report for the first time the fluorescence emission of DR1 in solution at room
temperature. We show measurements of the excitation and fluorescence emission spectra of DR1
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in methanol, ethylene glycol, glycerol and phenol. Analysis of the solvatochromic effect and the
excitation anisotropy in different alcohols are shown. The elucidation of isomerization constraint
is discussed. The excitation of the * transition was induced by pumping at 532 nm with a 25
mW diode laser. Computational studies using Density Functional Theory (DFT) at TDB3LYP/6-31G*//HF/6-31G* level, supporting our experimental results are presented. In
addition, we clarify the existent discrepancy in the literature about the position of the n* and
* transitions of pseudo-stilbene-type azobenzene, specifically DR1.
The molecular structures of DR1, methanol, ethylene glycol, glycerol and phenol are
showed in Figure I-1. A photograph of DR1 solutions in this series of alcohols and a picture of
its fluorescence emission in all four solvents are displayed in Figure I-1.b and Figure I-1.c,
respectively.

I.2 Experimental section
I.2.1 Chemicals
Disperse Red 1 (Standard Fluka 95%) and Rhodamine B (Standard Fluka 95%), from
Sigma-Aldrich were used without any further purification. Analytical purity solvents: Methanol
(ACS reagent >99.8%), Ethylene Glycol (ACS reagent >99.5%), Glycerol (ACS reagent
>99.5%), and liquified phenol (USP testing specifications, ≥89.0% and 10% H2O) were also
purchased from Sigma-Aldrich and used as they were. Ethanol, benzene, toluene, CH2Cl2,
acetonitrile (ACN), DMSO and butanol were also analytical purity solvents from Sigma-Aldrich.
Solvent properties relevant to this work are shown in Table I-1.
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Figure I-1. a) Molecular structure of Disperse Red 1 (top), methanol, ethylene glycol, glycerol
and phenol (bottom). b) Photograph of DR1 solutions in methanol, ethylene glycol, glycerol and
phenol, respectively, from left to right. c) Photograph of DR1 solutions fluorescence emission in
methanol, ethylene glycol, glycerol and phenol, respectively, from left to right and pumping at 532
nm.

Table I-1. Polarizability properties of methanol, ethylene glycol, glycerol and phenol.

Solvents

na

a

a

f(n)b

f()b

f b

(mPa·s)
Methanol

1.3280

32.63

0.547

0.169

0.477

0.3087

Ethylene Glycol

1.4330

37.00

16

0.206

0.480

0.2740

Glycerol

1.4740

42.50

1500

0.219

0.483

0.263

Phenol

1.5408

9.78

11.1

0.239

0.427

0.1046

Refractive index (n), dielectric constant (), and viscosity () at 25oC were taken from Reference
(36). b Polarity function (Δf), solvent redistribution of electrons term [f(n)], and the low frequency
polarizability of the solvent term [f()] were calculated using Lippert equation18:
, being
and
.
a
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I.2.2 Analytical and instrumental techniques
(a) The absorbance measurements were carried out with a single-beam spectrophotometer
(Agilent 8453 Diode Array UV-VIS) in a 1 cm quartz cell. This system has an operational
spectral range of 190-1100 nm with a resolution of better than 2 nm and less than 0.03 % stray
light. The instrument was computer controlled with Agilent ChemStation software.
(b) Steady-state fluorescence spectra, excitation anisotropy and excitation spectra were
measured under the right angle geometry on a 1 cm quartz cell using a PTI Quanta Master &
Steady State spectrofluorimeter (Model QM-3/2005) equipped with a 75 W xenon lamp and two
QuadraScopic™ monochromators (excitation and emission), tunable in a wavelength range from
180 to 2000 nm. This instrument has a continuously adjustable spectral bandwidth from 0 to 25
nm via micrometer slits and stray light < 0.02%. Corrected excitation spectra were measured at
the maximum emission wavelength of the dye in all solvent (580 nm) while scanning the
excitation monochromator from 300 nm to 600 nm. Correction of the xenon lamp were
performed using Rhodamine B (RhB) in ethylene glycol as a photon counter.15 Excitation
anisotropy spectra, measured at 580 nm, were corrected for polarizer reflection effect at 0 o and
90o incident angle.15
(c) The fluorescence quantum yield of the DR1 in methanol, ethylene glycol, glycerol
and phenol solutions were determined by the standard method,15 using an RhB/ethanol solution
(quantum yield st = 0.70 at room temperature) and excitation wavelength 532 nm.16
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I.3 Results and discussions
In order to facilitate the discussion of the results, this section has been divided into six
different subsections. In subsection I.3.1, we present the absorption solvatochromic effects of
DR1. In subsection I.3.2, we show its fluorescence emission in methanol, ethylene glycol,
glycerol and phenol. The analysis of the excitation spectra of DR1 in those four alcohols is
presented in subsection I.3.3. The excitation anisotropy in glycerol is discussed in subsection
I.3.4. In subsection I.3.5, we propose an energy diagram for DR1 and finally in subsection I.3.6
we present the computational calculation of solvent effect on DR1.

I.3.1 Absorption spectra
Figure I-2 shows the normalized absorbance vs. wavelength spectra of DR1 in methanol,
ethylene glycol, glycerol and phenol (the contribution from the solvent and the quartz cell was
subtracted). These particular solvents were chosen because DR1 presents significant
fluorescence emission in such solutions at room temperature for reasons that will be discussed
later. As expected, all four spectra obtained from 1.3 x 10-5 M solutions showed two absorption
bands, one in the UV region between 260 and 310 nm and one in the visible spectral range
between 360 and 590 nm.7 The latter is attributed to the presence of a fully allowed *
transition band positioned at longer wavelength due to the strong internal charge transfer (ICT)
character of pseudo-stilbene azobenzene dyes. Also, a strong transition to a higher energy
*(n) in the UV is observed. The feeble n* transition, forbidden in strictly planar
molecules by symmetry selection rules, and insensitive to push-pull substitution is not explicitly
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identified from the spectra because it remains hidden under the strong * band (Section
I.3.3).
DR1/Methanol
DR1/Ethylene
Glycol
DR1/Glycerol
DR1/Phenol

Normalized absorption

1.0

0.8

0.6

0.4

0.2

0.0
300

400

500

600

700

Wavelength (nm)

Figure I-2. UV-vis absorption spectra of DR1 in methanol (solid line), ethylene glycol (dashed
line), glycerol (dotted line) and phenol (dashed-dotted line).

It is interesting to notice that the apparent absorption band in Figure I-2 is blue shifted
with the solvent polarity (see Table I-1 for Lippert’s Δf polarity function).17 While DR1 in
methanol presents a maximum of absorption at 487 nm, it achieves its maximum at 498 and 509
nm in ethylene glycol and glycerol, respectively, and two peaks at 526 and 548 nm in phenol
(Table I-2.). The presence of these two absorption bands of DR1 in phenol suggests its
asymmetric protonation which promote a stronger charge delocalization in the molecule. This
effect has been observed by Montenero and co-workers in weakly acid ethanol-HCl solution of
DR1.18 Although phenol is a weak acid (pKa = 9.95), it can still protonate the N-Ethyl-N-(2hydroxyethyl) aniline nitrogen, thus, generating the observed pattern in the visible absorption
band. The acidity of the other three solvents studied in the present work is much lower, pKa >
14.
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Table I-2. DR1 maximum absorption wavelength, molar absorptivity and oscillator strength in
four different alcohols.

Solvents

Absorption max.

Molar
Absorptivity

(nm)

a

Oscillator Strengthb

(cm-1M-1)

Methanol

487

24,500

Ethylene Glycol

498

33,000

Glycerol

509

26,800

Phenol

526 & 548

54,300 & 54,400

0.54
0.70
0.57
0.80

a

From the slope of the absorbance vs. concentration calibration curves using Beer’s law (
), where  is the molar absortivity, b is the cell length (1 cm) and
is the solute
concentration.22 b From equation (I.1).

Comparing the results presented above with the calculated Δf values shown in Table I-1,
an apparent negative absorption solvatochromic effect in DR1 is distinguished.19 Nonetheless,
this behavior is not characteristic of molecules such as DR1, in which the excited state dipole
moment is greater than that of its ground state (DR1 = 12D).20 Opposite tendencies have been
observed in the same dye by Brouwer and co-workers.7 One could attribute the apparent
absorption spectral blue shift to the stabilization of the ground state via hydrogen bonding, which
may become more polar than the excited state. Other authors7 have used DFT, at a B3LYP/631G* level, to calculate the dipole moments of DR1 in the ground state and the transition state
(inversion transition structure) within solvents of different polarities, neglecting hydrogen
bonding effects. They found that if the solvent polarity increases both the ground and transition
states’ dipole moments increases, maintaining DR1 > 0.
It is known that the solvent redistribution of electrons can be determined by f(n) in
Lippert’s equation.17 Therefore, knowing that this parameter describes the effect of solvents on
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the ground and excited states of molecules during the absorption process and comparing the
calculated f(n) values of methanol, ethylene glycol, glycerol and phenol in Table I-1, a red
spectral shift is obtained.
From the original absorption spectra we calculated the oscillator strength ( f ) of DR1 in
all four solvents using the following formula reported in reference (21):

.

Here

(I-1)

is the molar extinction coefficient at wavenumber ~ . The f values, reported in Table

I-2, were calculated by integrating the absorption spectra in methanol, ethylene glycol, glycerol
and phenol from 360, 370, 373 and 417 nm, respectively, to 700 nm. The

in all four

solvents (see Table I-2) were first determined at their maximum absorption wavelength from the
slope of a calibration curve (absorbance vs. concentration) fitted with R = 0.99901 and obtained
using Beer’s law. Five different concentrations between 5x10-7 and 1x10-5 M were employed for
the calibration.22 Then, all the spectra were adjusted to their corresponding values relative to
at the maximum absorption wavelength.
From Table I-2, it can be remarked that DR1 in phenol presents a molar absorptivity at
525 nm that is 2.1, 1.6 and 2.0 times greater than its  in methanol, ethylene glycol and glycerol,
in the same order. This result can be rationalized by the fact that the formation of hydrogen
bonds with the two nitrogen atoms (–N=N–), at the center of the molecule, increases the
oscillator strength (see Table I-2) of DR1 in solvents that are more susceptible to redistribution
of electrons. Unfortunately, the n** and the * bands overlap with each other, and we
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cannot separate their individual contributions as in azobenzene.23 However, using fluorescence
spectroscopy, more information about the transitions spectral position and individual
contributions can be obtained as shown in the following subsection.

I.3.2 Emission spectra
The emission spectra of DR1 in methanol, ethylene glycol, glycerol and phenol at room
temperature are shown in Figure I-3 (empty circles). The normalized absorbance spectrum
(dashed lines) in each solvent has also been included to illustrate the Stoke’s shift. The smoothed
curves (solid lines), plotted for quantum yield determination, are also depicted in Figure I-3. The
measurements were done in 1.0 x 10-6 M DR1 solutions in aliphatic alcohols and in 1.3x10-5 M in
phenol because the fluorescence emission of DR1/phenol is relatively weak. The excitation
wavelength was always 532 nm. At this wavelength only the * transition should be excited
as explained later in subsection I.3.4 and I.3.6. Additionally, pumping at 532 nm
photodecomposition of DR1 is avoided.24
It is clear that DR1 presents fluorescence emission at room temperature in all four
solvents, as demonstrated in Figure I-1.c. This is, to our knowledge, the first time radiative decay
has been thoroughly induced in DR1 solutions at room temperature. DR1 fluorescence emission
was also tested in benzene, toluene, dichloromethane, acetonitrile, dimethylsulfoxide and butanol
with no noticeable emission observed. This suggests that conical intersection leading to isomers
E (Trans) or Z (Cis), from the inversion transition structure (ITS),7 can be constrained to some
extend in certain solvents and favored in others. Therefore, enhanced radiative decay through the

36

* transition in DR1 can be observed. In general, ITS in DR1 rapidly directs its radiationless
decay back to the ground state.

Figure I-3. Normalized absorbance vs. wavelength (dashed lines) and fluorescence emission
spectra (empty circles) of DR1 in methanol (top left), ethylene glycol (top right), glycerol (bottom
left) and phenol (bottom right). Excitation wavelength p =
Smoothed emission spectra
(solid lines).

The position of the maximum emission wavelength of DR1 in all four solvents (Table I3) is virtually the same. This coincidental result suggests that the low frequency polarizability of
the solvent, determined by the f() parameter in Lippert’s equation,17 decreases the energy of the
excited and ground states of the molecule similarly in methanol, ethylene glycol, glycerol and
phenol. Inspecting the calculated f() values in Table I-1, it can be noted that these values are just
slightly different. Therefore, a similar change of the position of the ground and excited states in
DR1 in these four solvents is plausible. However, the Stoke’s shift (see Figure I-3 and Table I-3)
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is very different in all four solvents and increases with f (Table I-1). It also increases as the
solvent viscosity decreases. This result was anticipated due to the effect of reorientation of
solvent molecules surrounding DR1.17

Table I-3. Stoke’s shift and fluorescence quantum yield of DR1 in four different alcohols.

Solvents

Emission max.

f a

Stoke’s shift

Tbb

(nm)

(oC)

(nm)
Methanol

580

2.8x10-3

93

64.7

Ethylene Glycol

583

1.4x10-3

85

197.3

Glycerol

581

1.1x10-3

72

290

Phenol

581

4.3x10-5

55

181.7

a

the
standard
method15,
. Rhodamine B in ethanol was
used as standard (st = 0.7). Optical densities of the sample and standard solutions were always
maintained below 0.1. The integrated intensities were done between 450 and 700 nm.
Extrapolation to the blue side of the spectra was required since the excitation wavelength was 532
nm. b From reference (36).
Quantum

yields

were

calculated

using

The fluorescence quantum yield (f) of DR1 was measured in methanol, ethylene glycol,
glycerol and phenol solutions at the same concentrations indicated above. As shown in Table I-3,
DR1 presents its greatest emission in methanol, followed by ethylene glycol, then glycerol and
very little in phenol. Because the radiative decay rate increases at the expense of its nonradiative
decay and quenching, and assuming that quenching is negligible, one could try to explain the
fluorescence emission intensity examining parameters that constrain molecular vibration and
rotation such as solvent viscosity. However, after inspecting the viscosity values shown in Table
I-1 it seems that this solvent property has no major effect in DR1 fluorescence, otherwise its
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emission would be greater in glycerol and minimum in methanol, which disagrees with our
results.
Since molecular isomerization in DR1, through its conical intersection,8 is the main
relaxation mechanism, other solvent effects that could alter this path such as hydrogen bonding,
which could limit molecular motion and/or strengthen the -orbital bond in the center of the
molecule should be considered.
First, hydrogen bonding limiting molecular motion could be regarded as solvent viscosity
effects. Alcohols can make strong hydrogen bonds with nitrogen (29 kJ/mol),25 including the
diazo group (N=N) at the center of the molecule as well as with the two nitrogen atoms at the
periphery (N-Ethyl-N-(2-hydroxyethyl) and the nitro group. Also, slightly weaker hydrogen
bonds can be formed with oxygen present in the molecule (21 kJ/mol)25 such as oxygen atoms
in the nitro and hydroxyl groups. Our simulations (section I.IV.6) show that even bulky phenol
molecules do not affect the rotation barrier when H-bonded to the center of DR1. However,
solvent molecules attached to the terminal groups could constrain the motion of longer arms in
the pseudo-stilbene dye. This hypothesis would lead to more fluorescence in phenol, the more
bulky solvent molecule (Figure I-1.a). However, we have already shown that DR1 in phenol
presents the weakest emission (Table I-3). Perhaps, the fact that the hydroxyl group in phenol is
slightly acidic makes it statistically less restrictive, thus lowering the dye fluorescence.
Nonetheless, glycerol, which is the second largest solvent molecule among all four alcohols,
produces the second lowest fluorescence quantum yield. In addition, it is the solvent with the
highest viscosity and most hydroxyl groups (Figure I-1.a) allowing for multi-hydrogen
(intramolecular or intermolecular) bonds with two or more atoms. Although, this effect does not
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explain our results, it cannot be totally discarded since it can still constrain molecular motion in
DR1, favoring its emission in solution at room temperature. This effect is probably responsible
for the small difference in f among the aliphatic alcohols.
Second, the -orbital bond strength at the center of the molecule can be an activator as
well as a deactivator of fluorescence in DR1. It turns out that the stronger the double bond at the
center of the molecule (N=N) is, the harder it become for DR1 to experience isomerization
(through inversion or rotation). Therefore, the higher its fluorescence quantum yield should
become. In order to compare the strength of the relative intermolecular hydrogen bonds among
all four alcohols with DR1, we have chosen their normal boiling points (Tb) as a supporting
parameter. In Table I-3, we show Tb of all four solvents. It increases in the aliphatic alcohols
from methanol to glycerol. Phenol’s normal boiling point is slightly below than that of ethylene
glycol. As the intermolecular hydrogen bond strength between any of these alcohols and the
nitrogen atoms at the center the molecule increases, the orbital bond at the center of the azocompound is weakened, thus, losing its double bond character. Therefore, because of the greater
mobility at the –N=N– group, a faster decay through conical intersection is expected. In this case
the radiative decay rate should diminish and consequently, DR1 fluorescence quantum yield
should be smaller. When comparing f of DR1 in aliphatic alcohols, one can see that the greater
the normal boiling point of the solvent is the weaker the emission of DR1. Though, phenol is not
the solvent with greater Tb, it is still the solvent in which DR1 presents the smallest f. Because
of the aromaticity of phenol, its intermolecular hydrogen bond is stronger than for any of the
other three alcohols. This is a well known phenomenon,26 that leads to an unsurprising lower f.
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I.3.3 Excitation anisotropy
Having been able to induce fluorescence emission in DR1, we measured its excitation
anisotropy, r. With these values and equation I-2, which correlates r with the angle between the
absorption and emission dipoles of the molecule, one can gain information about the spectral
position of the dye’s excited states.15
(I-2)

Figure I-4.a shows the excitation anisotropy of DR1 in glycerol (full circles). There are
interesting features arising from the anisotropy spectrum that can be correlated with the n*
and * transitions. One can differentiate three regions in the excitation anisotropy spectrum:
below 416 nm, between 416 and 520 nm, and above 520 nm. Within the central region it seems
that DR1 is reaching *, the state where the dipole moment is almost parallel to that of the
ground state. However, the small angle difference (70) could be attributed to the vibronic
coupling between n* and * in a very short time scale.8 In the red side of the spectrum, a
smaller angle between the ground and excited state dipole moments is found ( r  0.36). It seems
that at longer wavelengths only * can be accessed, and thus vibronic coupling between the
first two excited states becomes negligible. Therefore, the angle between the dipole moment of
the ground and first excited state is almost zero. In the shorter wavelength region a decrease in
the excitation anisotropy indicates the presence of a transition to a higher energy state (*
(n)).
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Because in pseudo-stilbene azobenzene dyes the n* transition is “insensitive” to the
substitution of attractor and donor groups at the ends of the conjugated bridge (azo-benzene core)
as well as to the surrounding dielectric constant and refractive index, this band does not shift. 7
Following reference 27, we have established the position of both transitions; the n* and
* in DR1/glycerol, separating their contribution by decomposing the absorption spectrum in
Figure I-4.a with three Gaussian curves (MathCad 2001 Profesional). The Gaussian
decomposition of the absorbance spectrum of DR1 in phenol, shown in Figure I-4.b, will be
discussed in subsection I.3.4.
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Figure I-4. (a) Normalized absorbance vs wavelength (empty circles) and excitation anisotropy
(solid circles) of DR1 in glycerol. Gaussian decomposition of the resultant absorption spectrum
(black solid line) into * (burgundy dotted line), n* (blue dashed line), and *(n)
(purple dash-dotted line) absorption.
.15 (b) Normalized absorbance vs
wavelength (empty squares) and Gaussian decomposition of the resultant absorption spectrum
(black solid line) of DR1 in phenol into * (burgundy dotted line), n* (blue dashed line),
and, *(n) (purple dash-dotted line) absorption. * (CT) (dark gray dash-dot-dotted line)
absorption band corresponds to the charge-transfer enhancement of protonated DR1.

In Figure I-4.a we have centered the n* transition at 450 nm defining its spectral
region from ca. 380 to 510 nm (blue line). The * (burgundy line) extends from ca. 390 and
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650 nm. Below 380 nm a transition to a higher *(n) excited state (purple line), centered at
285 nm was also included. The solid line, resulting from the sum of all three Gaussians fits the
experimental points. Although, the n* transition is forbidden by symmetry selection rules in
DR1, one could still see some absorption to that state because the molecular thermal motion at
room temperature can break the symmetry of the molecule allowing direct excitation to n*.
However, it is known that indirect excitation to n* through vibronic coupling with the *
via torsional vibration, is more probable in DR1.7 In Figure I-4.a one can also see that the
spectral position of the Gaussians, revealing pure transitions of DR1 in glycerol, agree with the
excitation anisotropy spectrum (see Figure I-5). However, this is not enough evidence for such
an affirmation. In order to confirm the above proposition we measured the excitation spectra in
all four solvents.
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Figure I-5. Excitation spectra of DR1 in methanol (), ethylene glycol (), glycerol (▲) and
phenol (). Emission monochromator wavelength 580 nm.
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I.3.4 Excitation spectra
Figure 5 shows the excitation spectra of DR1 in methanol (), ethylene glycol (),
glycerol () and phenol ().The shape of the excitation spectra on the first three alcohols
presents two maxima at approximately 445 nm and 540 nm, and a broad minimum centered at
ca. 480 nm. The two maxima seem to correspond to a direct transition from the ground state to
* in regions where overlap with the n* is weak. Therefore, fluorescence emission
becomes stronger. As the excitation wavelength approaches 480 nm, the overlap between the
first two excited states appear to be more prominent, thus the vibronic coupling between the two
states diminishes the radiative decay, and favors the conical intersection. One should emphasize
that n* transition is dark.6 Therefore, no emission from that state is allowed. Also, as the
Stoke’s shift increases, the minimum in the excitation spectrum (ethylene glycol and glycerol)
becomes broader. In fact the emission of DR1 in glycerol never achieves zero counts. This
indicates that vibronic coupling between the excited states is less important within a broader
spectral range in this solvent. According to Figure I-4.a, a minimum in emission was expected at
approximately 450 nm, the apparent wavelength corresponding to the maximum of the n*
transition. However, because the most favorable vibronic coupling between these two states does
not necessarily take place at that particular wavelength and the maximum of the n* transition,
wavelength could be red shifted with respect to the expected value, and one can see a minimum
in fluorescence at approximately 480 nm.
DR1 in phenol shows a wide maximum centered at approximately 527 nm and a broad
minimum from 400 to 440 nm. Doing the Gaussian decomposition (four Gaussians) of the
absorption spectrum of DR1 in phenol (Figure I-4.b), we assign bands to a *(n) transition
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below 430 nm and centered at 305 nm, a * band from 440 to 610 nm centered at 530 nm
and, n* transition between 350 and 540 nm with maximum at 450 nm. An additional
Gaussian centered at 558 nm was included in the absorption spectrum Gaussian deconvolution to
obtain a better fitting of the second shoulder observed experimentally at longer wavelength. The
origin of this last peak is attributed to the strong charge transfer (CT) effect. We also believe it is
the result of structural changes due to the hydrogen-bridged DR1-phenol complexes. As
demonstrated by Renge,28 the hydrogen bonded complexes can appear in the 0-0 band, as in DR1
in phenol. In addition, the fact that this Gaussian is very narrow indicates a well-defined
structure of the complexes.
Rigorous analysis of the experimental data obtained in phenol helps to explain our
results. According to Figure I-4.b, excitation and therefore fluorescence emission of DR1 in
phenol, between approximately 400 and 440 nm should be absent since it corresponds to a dark
transition (n*). This prediction is confirmed by the lack of fluorescence of DR1 in this
solvent, showed in the excitation spectrum, Figure I-5. Beyond 440 nm a bright transition
(*) can be excited. Therefore, the expected emission within that region is observed. Below
ca. 400 nm some fluorescence can be seen, most probably due to a transition to a higher
*(n) energy state. In fact, emission in all four solvents below 400 nm should correspond to a
similar transition, which relaxes back to * by internal conversion. Then, according to
Kasha’s rule, it can fluoresce from there.29
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I.3.5 Energy diagram of DR1: “Excitation, relaxation and isomerization”
In order to explain the excitation and relaxation mechanisms of DR1 in methanol,
ethylene glycol, glycerol and phenol, we propose an energy diagram (see Figure I-6) based only
on the experimental results discussed above and inspired by the diagram obtained by Tahara and
co-workers.23
In Figure I-6 one can see the overlap of the first two excited states. Depending on the
polarity of the solvent, the * transition can be shifted up or down in energy.7 Therefore, a
change in the overlapping of these two states should be expected. For instance, DR1 in a
nonpolar solvent such as hexane presents its maximum of absorption at 446 nm as showed in
reference (7). Hence, the * transition of DR1 in hexane is obviously higher in energy than
its n*. Because the latter is centered at approximately 450 nm, the possibility of overlapping
cannot be discarded, otherwise, conical intersection (manifested by isomerization) would not be
observed. On the other hand, as the polarity of the solvent is increase, e. g. DR1 in acetonitrile,7 a
red shift of the absorption band to 487 nm is obtained.
*(n)

n-*

B
A
*

EZ
EE

CI

x

x


Z-isomer
E-isomer

Figure I-6. Graphic schema of the excitation, relaxation and isomerization processes of DR1,
between its ground state and *, n* and *(n).
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In the alcohol series used in this work, an even larger red shift of the absorption band is
obtained in all solvents, with phenol inducing the largest displacement (absorption maximum at
526 nm). In this case, even though the two excited states could still overlap, the energy position
of the * transition should definitely be below the n*. The direct transition n*,
represented in Figure I-6 with red and blue solid arrows is forbidden. In any case, this excited
state can still be achieved via vibronic coupling through * (depicted with dashed curved red
arrows). Once the molecule is in the second excited state it relaxes to the first one, again by
vibronic coupling through a molecular configuration that is distorted from the planarity. In
contrast, the direct excitation to the first excited state can take place from both, the E- and the Zisomers (green solid arrows). In fact, the energy corresponding to that excitation and emission,
for both isomers is very similar.30 Nevertheless, because the ZE thermal isomerization in DR1
(black dashed-dotted horizontal line), at room temperature and in polar solvents is very fast, one
can expect more excitation from the E-isomer during the experiments.31 In addition, excitation of
both isomers to higher excited states *(n) (violet solid arrow) is also possible.
From the meta-stable states A and B depicted in Figure I-6, the molecule can relax back
to the ground state through fluorescence (black vertical dashed arrows) or, if it has enough
energy to overpass the energy barriers EE and EZ, it can return to its ground state through conical
intersection.32 The latter occurs through a rotation or inversion pathways. According to
Morihashi et al., the former is the most probable channel.33 However, the radiative decay does
not take place from the lowest well at CI. Since EE and EZ are in the order of kT, fluorescence
emission in DR1 is not easily observed at room temperature.13 Nevertheless, in the series of
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alcohols that were studied in this work, the fluorescence emission is visible to the naked eye at
room temperature (see Figure I-1.c), therefore, different mechanisms could be proposed.
(1) EE and EZ are solvent dependent. In that case, by increasing the energy barriers in any
particular solvent, the dye would increase its radiative decay rate. However, calculations
performed with density functional theory at TD-B3LYP/6-31G*//HF/6-31G* level and presented
in the following section (I.IV.6) annulated this hypothesis and help elucidate the real mechanism.
(2) Immobilization of the molecule at the central nitrogen (–N=N–) by bulky groups,
through hydrogen bonds could restrain the isomerization of the azo-compound favoring
fluorescence emission. Also, alcohols forming hydrogen bonds with the nitrogen groups at the
ends in position 3 and 8, and with the –OH group on the donor functionality can restrain the DR1
mobility, thus limiting its rotation and/or inversion, which are essential to return back to the
ground state through conical intersection. However, this proposition is not supported by
experimental fluorescence measurements were phenol presents the lowest f while methanol
presents the highest (Table I-3).
(3) The -bond at the center of the molecule can be an activator of fluorescence in DR1.
The more double character the central –N=N– bond possesses the harder it is for DR1 to
experience isomerization. This explanation agrees with our experimental results. However, the
second proposition cannot be totally discarded. We believe there is a combination of both effects
that results in greater f in the observed order.
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I.3.6 First principles calculations of solvent effects on DR1
In order to accurately explain the excitation and relaxation mechanisms of DR1 in
methanol, ethylene glycol, glycerol and phenol, and discern which transition is higher in energy,
we built the energy diagrams for the ground and two lowest excited states at TD-B3LYP/631G*//HF/6-31G* theory level. Self-consistent reaction field approach was used to account for
solvent polarity. Nonequilibrium solvation and integral equation formalism within polarizable
continuum model (IEF-PCM) was employed. In this approach the molecular-shaped cavity is
built around the solute. The charge distribution in the solute molecule induces dielectric response
from polarizable continuum outside of the cavity. This response results in the set of effective
charges distributed over the cavity surface. These charges are then included in the molecular
Hamiltonian, and affect the energies and electronic structures of the ground and excited states.
To account for hydrogen bonding, one or more solvent molecules must be explicitly added to the
solute molecule to form a complex. Two implicit solvent environments, hexane and acetonitrile
(ACN), as well as two H-bonding complexes DR1*3MeOH and DR1*3PhOH were studied
along the CN=NC rotation coordinate. All calculations were carried out by using Gaussian 03
suite of programs.34 The theoretical modeling presented in this section was carried out in
collaboration with Dr. Artem Massunov, Nanoscience Technology Center and Department of
Chemistry, UCF.
Our results for hexane solution are similar to the diagrams proposed by Tahara and coworkers,23 based on CIS theory level, and the recent results reported by Roitberg et al. at TDB3LYP/6-31G*//B3LYP/6-31G* level,6 who calculated the potential curves in the gas phase.
The first excited state S1 in hexane has been confirmed to be of n* nature with low oscillator
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strength, somewhat increasing upon the dihedral twist (see Figure I-7). In ACN, the polar
environment stabilizes the S2 (*) and its shift is down in energy as shown in Figure I-7.
However, in ACN S1 is still of n* nature and the oscillator strength increases upon dihedral
twist as shown in Figure I-7 (right side). In fact, from Figure I-7 one can notice that the S1
excitation energy does not change with solvent polarity. Based on our calculations and the
theoretical results reported by Roitberg and co-workers6 one can understand why DR1
fluorescence has never been observed, as reported in the literature before. If the S1 level of DR1
in the gas phase and aprotic solvents is indeed of n* nature (i.e. a dark state), DR1 can only
be excited to its S2 level. Therefore, its relaxation from the second excited states takes place first
through vibronic coupling to S1. After, it reaches the ground state through conical intersection,
yielding an isomer mixture of Z and E. It should be stressed that solvent alone polarity is not
enough to induce fluorescence in DR1 at room temperature. Therefore, in alcohols, hydrogen
bonding should be determinant.
The comparison of the ground state energy profiles indicated that hydrogen bonding of
either methanol or phenol molecules do not appreciably hinder the dihedral twist of DR1 along
the –N=N– bond. However, when DR1 approaches the top of rotational barrier (~90o), two
solvent molecules breaks their hydrogen bonding and leave diazo group for phenyl rings.
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Figure I-7. Energies of S0 of DR1 in hexane (Top) and ACN (Bottom) along the CNNC rotation
coordinate and energies of S1 and S2 calculated at TD-B3LYP/6-31G*//HF/6-31G* theory level
and, oscillator strength for the S0S1(n*) and S0S2(*) transitions at different torsion
angles.

According to Figure I-8, the hydrogen bonds strongly destabilizes the n* state
shifting it up in energy. As a consequence, the dark state becomes S 2 (n*) at all values of
torsion angle (energy difference at an angle of 900 twist is the largest). Also, the oscillator
strength monotonically decreases from planar to twisted geometry for S1 (*) state while it
increases for the S2 (n*) state as shown in Figure I-8 (right side). This effect is known in
spectroscopy as intensity borrowing.35 Due to the formation of hydrogen bonds between solvent
molecules and DR1, an inversion of the state energy levels takes place, thus allowing the direct
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excitation of DR1 to its first excited state. From S 1 (*), the bright state of DR1 in alcohols,
it can relax back to its ground state by nonradiative (conical intersection) and radiative
(fluorescence emission) decay. The latter is favored as * is more stabilized (lower in
energy) and the overlap between the first two excited states is less strong. By comparing DR1 in
methanol and phenol (Figure I-8) it can be understood why this pseudo-stilbene-type azobenzene
is a better fluorophore in the aliphatic alcohol than in the aromatic. In methanol S 1 (*) is
lower in energy than S2 (n*) and no overlap between these states exists at any torsion angle.
This implies that decay through conical intersection becomes less probable, leaving more room
for radiative decay. However, in phenol it is noticeable that S1 (*) and S2 (n*) have a
strong overlap around 00, i.e. the trans-isomer is present in solution in higher concentration at
room temperature. In addition, S1 (*) can be even higher in energy than the S2 (n*) at 00.
As a consequence, conical intersection remains the predominant relaxation mechanism, although,
a weak fluorescence can be detected in this solvent. Finally, from the oscillator strength plots it
can be determined that S0S1 (*) transitions in alcohols are more favored for E (00 torsion
angle) than Z (1800).
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Figure I-8. Energies of S0 of DR1 in methanol (Top) and phenol (Bottom) along the CNNC
rotation coordinate and energies of S1 and S2 calculated at TD-B3LYP/6-31G*//HF/6-31G* theory
level and, oscillator strength for the S0S1(n*) and S0S2(*) transitions at different
torsion angles.

I.4 Conclusions
The fluorescence emission of DR1 in polar solvent solutions was systematically
measured at room temperature. Positive solvatochromic shifts were reported for a series of four
different alcohols. Excitation anisotropy and excitation spectra of DR1 in methanol, ethylene
glycol, glycerol and phenol experimentally revealed the spectral position of n*, * and
higher energy transitions (*(n)) in this pseudo-stilbene azobenzene. We demonstrated
experimentally and theoretically that intermolecular hydrogen bonding of solvent molecules with
the nitrogen atoms in the center of DR1 can enhance the radiative decay rate of this azo-
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compound by stabilizing the bright state and perhaps by obstructing the molecular inversion and
rotation path responsible for conical intersection. Finally, we have certified that in general n*
of DR1 in solution is lower in energy than *, however, exceptions to the rule, such as the
ones demonstrated in this work can always be found.
Aiming to expand even further the understanding of the relationship between the
electronic transitions identified in DR1 and its linear absorption properties in solution at room
temperature, and having established the relevance of considering solvent effects in the
photophysics of this type of organic compounds, in the following chapter we present a complete
study of the temperature effect on the linear absorption spectra of DR1 and other azo-dyes in
solution.
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CHAPTER II: AZO-GROUP DIHEDRAL ANGLE TORSION
DEPENDENCE ON TEMPERATURE: A THEORETICALEXPERIMENTAL STUDY
Reproduced with permission of Elsevier from: De Boni, L.; Toro, C.; Zilio, S. C.; Mendonca, C.
R.; Hernandez, F. E. Chem. Phys. Lett. 2010, 487, 226-231.

Previously, the electronic transitions and linear absorption and emission
properties of only Disperse Red 1 were studied in solution, as it is one of the main
representative member of azo-compounds. Nonetheless, it is highly important to
extend the understanding of the photophysics of this family of molecules by
including other derivatives with different electron donating and withdrawing
groups in a push-pull archetype. Also, interpreting the effect of thermal energy on
the spectral position of the different excited states is of great relevance. Due to the
cis-trans isomerization ability of azo compounds, molecular conformations are
expected to be largely susceptible to changes in temperature, thus affecting the
energy distribution of the ground and excited states.
In this chapter, we embark on another combined experimental and
theoretical study of azo-compounds in order to explain the observed blue shifts in
the absorption spectrum of different members of this family as a function of
temperature. Such a behavior is attributed to a net reduction in the -electron
conjugation length of the molecules. Both, the theoretical and experimental
results, demonstrate that small energy changes are mirrored in the electronic
transitions of conjugated linear molecules.
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II.1 Introduction
Azoaromatic derivatives cover a wide variety of compounds which main structural
characteristic is the presence of an azo group (N=N) connecting two phenyl rings
(PhN=NPh). The attachment of electron donor and/or acceptor groups in different positions of
the phenyl rings can shift the absorption and emission bands of these compounds to the visible
region. This effect is highly dependent on the solvent.1-4 Throughout the past decades, these
molecules have been extensively studied due to their interesting chemical and physical
properties.5 It has been recognized that the phenomenon responsible for the great significance of
these materials is their ability to undergo cis-trans photoisomerization in a clean and reversibly
manner with a high quantum yield.6,7 In this sense, these chromophores are considered an
interesting type of molecular switches that undergo structural changes that can be used for the
design of photo-mechanical devices.8 In order to take advantage of such an efficient process,
azoaromatic derivatives have been considered for artificial molecular motors,9 nano-tweezers,10
photoresponsive biomaterials,11 polymer-based nanostructures,12 photonic crystals,13 surfacerelief gratings14 and dendrimers for light harvesting,15 among others. Furthermore, azoaromatic
compounds have been proven to be suitable agents for sensing metallic targets and
aminoacids16,17 and even as an “artificial tongue”.18 The vast number of applications for
azocompounds reveals the relevance of studying their electronic and optical properties from both
a theoretical and experimental point of view.
During the last decade, azo-aromatic compounds have been very attractive to the
scientific community because of their nonlinear optical properties, mainly two-photon absorption
(2PA),19-21 optical limiting performance,22 and all-optical poling.23 The 2PA cross-section of azo59

compounds can be affected by the solvent properties and temperature changes.24 Bearing in mind
that the trans isomer is the most stable conformation in the absence of steric hindrance, the
temperature dependence suggests that torsional changes in the azo-aromatic compound structure
affects their electronic delocalization, thus, their optical properties.
Although the dynamics of the cis-trans photoisomerization in azo-chromophores has
been the target of many studies,25,26 there is still a need for additional investigation to fully
understand the photophysical properties of these compounds. In order to better comprehend the
electronic and optical properties of azo-aromatic derivatives in solution, we have performed a
theoretical-experimental study of the torsional effects in a family of these chromophores
(Scheme II-1) in solution, as a function of temperature. For that purpose, we monitored the linear
absorption peak position at different temperatures in eight azo-chromophores and correlated it
with the calculated excited state energies estimated at different torsional angles. Solvent effects
were included in the calculations. The results shown herein indicate that the observed absorption
peak shift in each compound is the results of changes in the electron delocalization extent of the
molecules.

R1



N
N
R3

R2

Azo01: R1 = R2 = R3 = H
Azo02: R1 = R3 = H , R2 = NH2
Azo03: R1 = R2 = NH2 , R3 = H
Azo04: R1 = NO2 , R2 = NH2 , R3 = H
Azo05: R1 = NO2 , R2 = N(CH2CH3)(CH2CH2OH) , R3 = H
Azo06: R1 = NO2 , R2 = N(CH2CH2OH)2 , R3 = H
Azo07: R1 = NO2 , R2 = N(CH2CH3)(CH2CH2OH) , R3 = Cl
Azo08: R1 = NO2 , R2 = N(CH2CH2OH)2 , R3 = Cl

Scheme II-1.
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II.2 Theoretical Approach and Experimental Methods
All molecules in their trans conformation (=180o) were optimized at the B3LYP/6-31G*
level of theory. A C2h symmetry restriction was imposed for the symmetric derivatives (Azo01
and Azo03) whereas a Cs symmetry restriction was used for the other derivatives. Torsional
changes in each structure were achieved by systematically changing the dihedral angle ()
connecting the azo-moiety (-N=N-) and one of the phenyl rings, in steps of 5o, all the way up to
an overall change of 30o (=150o). Bond distances and angles were not re-optimized after
rotation. The absorption spectrum (first five singlet excited states) as a function of the torsion
angle was calculated for all molecules within the time dependent density functional theory
(TDDFT)27 at the B3LYP/6-31G* level. Solvent effects were taken into account within the
polarizable continuum model (PCM)28 framework by explicitly including dimethyl sulfoxide
(DMSO) and toluene in all the calculations. All calculations were performed with Gaussian 03.29
In order to experimentally assess changes in the absorption spectra due to the addition of
heat to the system, we performed linear absorption measurements as a function of the
temperature in a 2 mm quartz cell. These measurements were carried out in a Cary 17A
spectrophotometer. With the aim of controlling the sample temperature, a metallic support
attached to a thermoelectric cooler device was employed. This support was designed to cover the
entire sample cell guarantying a homogeneous heat flow throughout the sample. The sample
temperature was measured close to the cell region where the sample was exposed to the light
source. Moreover, the temperature value was used to control the rate of heat transfer to the
sample by means of a programmed temperature controller (Eurotherm). The absorption
measurements were carried out 5 minutes after reaching the desired temperature to guarantee
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thermal equilibrium. We performed measurements increasing and decreasing the temperature to
check for the reproducibility of the measurements and possible thermal degradation of the
samples. All samples were studied in dimethyl sulfoxide (DMSO). Additionally, Azo07 was
selected to perform an identical study in different solvents: toluene, methanol, and
Nmethylpyrrolidone (NMP).

II.3 Results and discussions
Figure IV-1 presents the experimental linear absorption spectra of all eight azoaromatic
derivatives in DMSO solution at different temperatures. In all azo compounds, the observed
change in the absorption spectrum is similar, i.e. a monotonic decrease in absorbance (oscillator
strength) and a hypsochromic band shift when the temperature increases. In order to avoid
solvent evaporation that could result in a change in concentration during the experiment, the
maximum temperature was kept well below the normal boiling point of DMSO (Tb = 189 °C). In
addition, the integrity of the sample, i.e. the absence of thermal degradation within the
temperature range used throughout the measurements, was confirmed by recovering the initial
absorption spectrum and absorbance when the sample was brought back to room temperature. In
this scenario, the observed behavior can be associated to changes in the molecular structure.
These changes are mostly induced by modifications in the torsional angles connecting the central
part of the molecules (-N=N-). This is a consequence of the energy redistribution on the
electronic, vibrational and rotational levels of the ground state as a response to the effect of
thermal energy (kT). Since azo-compounds prefer to be in their most stable trans conformation at
room temperature, and they present a potential energy surface that allows for slightly different
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structure distribution at certain energies,25,26 a change in temperature of only few meV seems
enough to modify the torsion angle. Therefore, small changes in the molecular structures could
be achieved by altering the thermal conditions of the solution. Consequently, variations in the
torsion angle that distort the planarity of the molecule will affect its electron conjugation
length. Hence, a higher excited state energy should be anticipated for greater torsion angles.
Moreover, the transitions dipole moments should also be, as observed, modified because the
symmetry of the molecule is altered (quantum mechanics selection rules changes).30 In other
words, a reduction in oscillator strength can be directly associated with a decrease in the
transition dipole moment (

), i.e.

. Here, m is the electron

mass, e is the electron charge and

is the frequency of the corresponding transition between

the two states.31
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Figure II-1. Experimental absorption spectra as function of the solution temperature for different
azobenzene derivatives dissolved in DMSO.
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Similar observations to the ones described previously have been made and supported by
several groups from a theoretical and experimental point of view. On this regard, Ohta and cocoworkers theoretically studied the one and two-photon absorption properties of a family of
stilbene and azo-derivatives and their results revealed a strong dependence of these properties
with respect with the molecular conformation, i.e. structures that are twisted from their planarity
tend to show absorption properties at higher energies and also less intense induced by a
substantial decrease in the electron delocalization.32 Additional studies on both torsional and
temperature effects on the absorption and luminescent properties of flexible molecular systems
comprised of electron conjugated backbones, have proven that the molecular conformation is
altered by thermal energy, and therefore, upon breaking the electron delocalization, there is a
spectral shift towards the blue.33-36
Interestingly, the torsion angle dependence with temperature is more important in some
azo-aromatic derivatives than in others, depending on the molecular motif. For instance, in
Azo01, Azo02 and Azo03 the blue shift and the reduction of the absorbance are less pronounced
than in Azo04 through Azo08. In the first three compounds this can be explained by the lack of a
strong permanent electric dipole consequence of the absence of donor-acceptor motif (push-pull
system). Conversely, the presence of donor-acceptor groups in the remaining compounds
increases significantly the magnitude of the dipole moment, thus the reduction in absorbance is
more pronounced when the conjugation length is affected by torsional changes associated with
the temperature.37 This effect is agreement with Fermi’s golden rule.
In order to understand the effect of the dielectric constant () of the host solvent on the
azo-group torsional angle of one of the push-pull derivatives (Azo07), we performed similar
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measurements in DMSO ( = 46.7), toluene ( = 2.4), methanol ( = 32.6) and
Nmethylpyrrolidone (NMP,  = 32.0) (see Figure II-2). It can be noticed that a similar trend in
spectral shift and oscillator strength as a function of the temperature was observed for this
particular compound in solvents of low and high polarities. The fact that the spectral position of
the absorption maximum changes with the dielectric constant, but the overall spectral behavior as
function of the temperature does not, clearly suggest that solvent polarity exerts an effect on the
charge separation of the ground state but does not distort the molecular conformation of this
molecule.
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Figure II-2. Experimental absorption spectra of Azo07 as function of the solution temperature for
three different solvents: (a) toluene, (b) methanol and, (c) N-methylpyrrolidone (NMP).

To corroborate our experimental results, we calculated the excited state properties for all
the azo-aromatic derivatives in DMSO at different torsion angles (). Table II-1 summarizes the
results for Azo01-Azo03, whose substitution pattern does not correspond to a push-pull type of
system. On the other hand, Table II-2 groups the results for Azo04 through Azo08 which are
those derivatives with a donoracceptor skeleton. Although, the first five singlet excited states
were calculated, we only show the results obtained for the most important transitions in the
visible region, corresponding to the n* and * transitions. In azo-benzene (Azo01), the first
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excited state was found to correspond mainly to a HL transition (88.9%) that is assigned to
the lowest lying n* state, whereas the second excited state (*) is the outcome of a
H1L transition (84.8%). For the rest of the molecules, even though n* remains as the
lowest lying state, the orbital contribution to this transition reverses and it is now a mix between
the H1L (85.9%) and the H1L+1 transitions (7.3%). The addition of groups supplying
and/or withdrawing electrons to/from the azo-benzene core, red shifts the * transition, that
still remains to be the second lowest lying state with a main HL contribution of 85.5%. This
behavior is consistent with other results published previously by different authors.3 Nevertheless,
it has been stated that the spectral positions of the two first excited states in azo-compounds are
highly dependent on the host solvent, mainly in the presence of strong hydrogen bonding.4
Table II-1. Theoretical absorption wavelength (in nm) of the first two ground-singlet vertical
transitions of Azo01-Azo03 derivatives (see Scheme I-1 for corresponding structure) calculated
with TDDFT/PCM approach. Values in parenthesis correspond to the oscillator strength of such
transition.

S0S1

 = 180
 = 175o
 = 170o
 = 165o
 = 160o
 = 155o
 = 150o

Azo01
475 (0.000)
474 (0.000)
473 (0.001)
471 (0.003)
468 (0.005)
464 (0.008)
461 (0.010)

Molecules
Azo02
452 (0.000)
451 (0.003)
451 (0.011)
451 (0.025)
452 (0.043)
452 (0.066)
454 (0.091)

Azo03
432 (0.000)
432 (0.009)
432 (0.034)
431 (0.076)
431 (0.120)
432 (0.162)
433 (0.196)

S0S2

 = 180o
 = 175o
 = 170o
 = 165o
 = 160o
 = 155o
 = 150o

323 (0.911)
323 (0.909)
322 (0.902)
321 (0.891)
320 (0.874)
318 (0.851)
316 (0.821)

381 (0.970)
381 (0.963)
381 (0.940)
380 (0.902)
380 (0.849)
380 (0.781)
380 (0.701)

398 (1.189)
397 (1.178)
396 (1.147)
394 (1.094)
392 (1.032)
388 (0.965)
385 (0.896)

Transition

Torsion angle
o
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Table II-2. Theoretical absorption wavelength (in nm) of the first two ground-singlet vertical
transitions of Azo04-Azo08 derivatives (see Scheme I-1 for corresponding structure) calculated
with TDDFT/PCM approach. Values in parenthesis correspond to the oscillator strength of such
transition.

Transition

Torsion
angle
 = 180o
 = 175o
 = 170o

S0S1

 = 165o
 = 160o
 = 155o
 = 150o
 = 180o
 = 175o
 = 170o

S0S2

 = 165o
 = 160o
 = 155o
 = 150o

Azo04
504
(0.000)
504
(0.015)
506
(0.056)
509
(0.111)
514
(0.169)
520
(0.219)
528
(0.254)

Azo05
506
(0.000)
508
(0.056)
511
(0.164)
516
(0.259)
522
(0.325)
529
(0.364)
538
(0.381)

Molecules
Azo06
507
(0.000)
508
(0.042)
510
(0.134)
515
(0.227)
520
(0.295)
528
(0.340)
536
(0.362)

Azo07
528
(0.000)
529
(0.040)
532
(0.128)
534
(0.220)
543
(0.292)
552
(0.340)
562
(0.366)

Azo08
528
(0.000)
529
(0.032)
532
(0.109)
536
(0.193)
542
(0.266)
550
(0.318)
559
(0.348)

462
(0.841)
462
(0.822)
462
(0.766)
461
(0.685)
459
(0.593)
458
(0.501)
456
(0.415)

487
(0.872)
486
(0.810)
484
(0.686)
481
(0.565)
478
(0.462)
475
(0.378)
472
(0.308)

484
(0.876)
483
(0.828)
481
(0.720)
479
(0.601)
476
(0.495)
473
(0.405)
470
(0.330)

502
(0.884)
501
(0.838)
500
(0.734)
497
(0.616)
495
(0.509)
492
(0.418)
490
(0.339)

499
(0.886)
498
(0.849)
497
(0.757)
495
(0.647)
493
(0.538)
490
(0.442)
488
(0.360)

A careful examination of the theoretical results reveals that, with the exemption of Azo01
for which both excited states shift to the blue, the two first excited states of all compounds
studied behave likewise. While the n* transition becomes favored upon rotation as evidenced
by its bathochromic shift along with an increase of the oscillator strength, the * transition
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becomes disfavored and experiences a hypsochromic shift and a decrease in its oscillator
strength. This phenomenon is known in spectroscopy as intensity borrowing.38 Such a trend
support the idea of an overall decrease in the effective electron delocalization throughout the
molecules due to torsional changes in their structure. The correlation between theoretical and
experimental results seems unclear because the latter suggest a “single” spectral blue shift while
the former indicate both a red and a blue shift depending on the transition. Yet, it is well known
that in solution these two electronic transitions overlap and the behavior observed in Figures II-1
and II-2 is an average of both transitions with the * outweighing n*. This assumption is
based on the analysis of the oscillator strength for both electronic transitions. For most dihedral
angles, the oscillator strength for the * transition clearly overwhelms that of the n*, for
example, at an intermediate torsion angle (=15o),

. This ratio becomes larger

for smaller torsion angles and, even though for some of the derivatives (Azo05-Azo08, at =30o)
it looks like the oscillator strength is approximately the same (0.3), we do not expect the torsion
angle to be that far from equilibrium in solution within the temperature range used that only
correspond to few meV. These statements are clearly supported by previous results reported by
our group.4 Based on a Gaussian decomposition of the absorption spectrum of one of the azoderivatives (Azo05), it was demonstrated that, at room temperature, the -* transition is at least
6-fold stronger than n* transition. Therefore, one should expect the experimental spectra to
behave as an overall shift to higher energies, mimicking the trend observed in the main
absorption band, i.e. the * transition.
An analysis of the theoretical permanent dipole moment of all derivatives confirms that
this property is affected, as expected, upon rotation of the azo dihedral angle. Figure III-3
68

summarizes the behavior for all the compounds studied. For totally symmetric non push-pull
systems (Azo01 and Azo03), the permanent dipole moments slightly increases upon rotation
from 0 Debyes for the totally planar system to 0.5 Debyes for the twisted structures. This can be
rationalized as an induced “transient” charge separation that leads to a weak permanent dipole
moment. On the other hand, the unsymmetric push-pull systems which present strong charge
separation in the ground state (~ 12.8 - 15.8 Debyes) undergo a decrease in the permanent dipole
moment as a consequence of a decrease in electron delocalization.
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Figure II-3. Theoretical permanent dipole moment for non push-pull derivatives and push-pull
derivatives as a function of dihedral angle.

With the aim of accounting for possible changes in the dielectric constant of the solvent
due to temperature changes that could affect the solute-solvent interaction, we also calculated the
excited state properties of Azo07 at different values of  of DMSO according to the model
proposed by Gabrielian and Markarian (Eq. 5 of Ref. 39) for this solvent. The calculations were
performed at 0o and 30o fixed torsion angles. It was found that, for these two particular
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structures, the energy (wavelength) associated with the main vertical transitions is not affected
by tuning the dielectric constant of the solvent from its standard value of 46.7 to 36. This
confirms that the torsional forces are responsible for the spectral shift observed in azoaromatic
derivatives. Additionally, we carried out calculations of the absorption spectrum for the same
derivative in toluene. The tendency observed upon rotation of the –N=N angle matched with
the results obtained with DMSO. This result further sustains the idea that the polarity of the
solvent only affects the position of the band (at a fixed angle).

II.4 Conclusions
A combined experimental-theoretical study was pursued in order to understand the effect
of torsional forces on the linear absorption properties of a family of eight azoaromatic
derivatives. We have experimentally found that all compounds show a similar spectral behavior
upon heating: a net hypsochromic shift with a decrease in absorbance. A similar trend was
observed in all calculations, allowing us to separate and identify the contribution of individual
electronic transitions (-* and n-*) to the overall spectral behavior observed experimentally.
The agreement between theory and experiment indicates that the reduction in the electron
delocalization length through the molecular system is induced by structural changes. Therefore, a
change in the transition and permanent dipole moment of the molecule is revealed by the
reduction in the oscillator strength. This effect is less pronounced for molecules lacking a pushpull archetype.
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Hitherto, the use of linear absorption and emission spectroscopy combined with the
support of density functional theory calculations has allowed us to comprehend the effect of the
dielectric constant of the solvent, hydrogen-bonding and temperature effects on the spectral
position of the different electronics transitions observed in azo-derivatives. Based on these
results, a more general and precise description of the electronic structure of such chromophores
has been drawn, which could lead to a better design of organic-based materials with potential
applications in optoelectronics devices. In the next chapter, we expand our analysis of azocompounds by carrying out nonlinear absorption measurements of DR1 in solution. Specifically,
two-photon absorption measurements of this compound in methanol, acidified methanol, phenol
and toluene unveil the full spectral separation of the * and n* bands.
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CHAPTER III: UNTANGLING THE EXCITED STATES OF DR1 IN
SOLUTION: AN EXPERIMENTAL AND THEORETICAL STUDY
Reproduced with permission of the American Chemical Society from: De Boni, L.; Toro, C.;
Masunov, A. E.; Hernandez, F. E. J. Phys. Chem. A 2008, 112, 3886-3890.

The spectral overlapping between the n* and * transitions in azocompounds corresponds to one of the most common spectral features associated
with these molecular entities. The results presented in Chapter I and II clearly
state that although the spectral position of such electronic transitions can be
swapped depending on the host solvent and hydrogen-bonding effects, the n*
transition always remains hidden inside the * transition. Up to now, these
conclusions have been obtained by simply using linear spectroscopic techniques.
In this chapter, the experimental observation and the theoretical prediction
of the fully separated n* and * bands of Disperse Red 1 in acidified
methanol solution are reported. We have used nonlinear absorption spectroscopy,
i.e. two-photon absorption, to further characterize the excited states properties of
this azo-dye. The analysis of the linear and two-photon absorption spectra is
presented in four specific solvents. The possibility of unambiguously establishing
the position of the first two excited states combining linear and nonlinear
spectroscopy is demonstrated. Calculations using time-dependent density
functional theory accurately predict the spectral region of the n* and *
transition of DR1 in all solvents.
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III.1 Introduction
Disperse Red One (DR1), shown in Scheme III-1, has been extensively studied1 during
the last decade for its photoisomerization properties that have led to multiple applications in
optical data storage and optical switching devices.2,3 According to the shape of the absorption
spectra, the azo-chromophores have been classified as azo-benzene, amino-azo-benzene, and
pseudo-stilbene types.4 The optical properties of stilbene are determined by a unique excited
state of * nature, which is symmetry allowed and responsible for their strong absorption and
fluorescence.4 Conversely, the azo (diazene) group (–N=N–) in azo-benzene, which is isosteric
with the ethene group, presents the additional electron lone pair of the nitrogen atoms.
Consequently, the antisymmetric combination of orbitals becomes the highest occupied
molecular orbital (HOMO) in azobenzene, giving rise to the dark n* state (symmetry
forbidden in the case of idealized planar geometry of the molecule). This dark state appears as a
totally separated, low-intensity band on the longer wavelength region of the absorption spectrum
of azo-benzene, well beyond the *. On the other hand, electron donating substituents redshift the * band; thus the dark n* band overlaps with the former, and it appears as a
small shoulder in amino-azo-benzene absorption spectrum. In the case of di-substitution with
electron-donating and electron-withdrawing groups in positions 4 and 4’ respectively (push/pull
substitution pattern), an even further red-shift of the * band completely covers the dark
n* band in pseudo-stilbenes azo-aromatic dyes.5 A special case of pseudo-stilbene azocompounds is observed when the diazo group is protonated or metal-coordinated. This
protonation strongly blue-shifts the n* state and the * state becomes the lowest-excited
singlet state.6,7 While strong fluorescence was reported for protonated pseudo-stilbenes dyes,
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very weak emission from push-pull pseudo-stilbenes azo-compounds, amino-azo-benzene and
azo-benzenes has been observed only when low temperature, solid matrix, or the employment of
a powerful excitation source have been used.1

N
O 2N

N

N
OH

Scheme III-1.

Even though the dark n* state is hidden in push-pull substituted pseudo-stilbene azoaromatic compounds (such as DR1), the bright * state was traditionally considered to be its
lowest-excited singlet state.1 However, this viewpoint began to change by the mounting
evidence, both experimental and theoretical. According to recent transient absorption studies,8
the bright * state in DR1 is still higher in energy than the longer-lived n* state.
Theoretical calculations of DR1 in vacuum and different organic solvents, reported by
Roitberg’s9 and Brouwer’s8 groups, have also showed that in push-pull azo-aromatic compounds
the * state is still higher in energy than the dark n* one. In order to resolve this
controversy, we studied DR1 in different solvents including a series of alcohols. We
demonstrated, experimentally and theoretically, that the * state can be either higher or lower
in energy than the n* depending upon the host solvent.10 While polar solvents stabilize the
bright * state of DR1, it remains higher in energy than the n*, similar to azo-benzene.4
In alcohols, the two transitions are rearranged due to hydrogen bonds formation, thus the bright
state (*) becomes indeed the lowest-excited singlet state. This feature was evidenced by
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fluorescence spectroscopy of DR1 at room temperature.10 These significant findings have
enhanced the understanding of these photo-switching molecules and could change the definition
of pseudo-stilbene azo-aromatic compounds based on the spectral position of their bright and
dark states.4 In addition, a complete interpretation of our experimental results specified the
position of the first two singlet-excited states and showed that the n* band remains hidden
under the *.10
At present, more spectroscopic evidence revealing the spectral region for the transitions
of DR1 is needed for a thoughtful characterization of push-pull azo-aromatic derivatives.
Furthermore, the absolute separation and the identification of the two bands in linear spectra of
DR1 is still a challenge for scientists. One could expect multiphoton spectroscopy to reveal the
nature of the excited states with greater certainty. Two-photon absorption (2PA) spectroscopy
offers new venues for the elucidation of the of excited states that are not accessible via onephoton (linear) absorption (1PA).11 2PA is based on the simultaneous absorption of two photons
in a single event.12 A key feature of 2PA is the even-parity selection rule for symmetric
molecules, instead of the odd-parity for 1PA. However, most of the 2PA characterization on azoaromatic derivatives has been directed toward the study of their structure-property relationship,1315

and their applications to high density optical data storage systems,16,17 rather than toward the

elucidation of the nature of excited states.
In this chapter, we report the experimental and theoretical 1PA and 2PA spectra of DR1
in toluene, phenol, methanol and acidified methanol. We show for the first time the n* band
of this azo-aromatic compound in acidified methanol. We also demonstrate that 1PA and 2PA in
DR1 obey analogous selection rules in most solvents, allowing only excitation to the bright
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states. Calculations using density functional theory at TD-B3LYP/6-31G*//HF/6-31G* level
predict the spectral region of the n* and * transition of DR1 in all solvents.

III.2 Materials and methods
III.2.1 Experimental part
Disperse

Red

One

(Standard

Fluka

95%)

(N-Ethyl-N-(2-hydroxyethyl)-4-(4-

nitrophenylazo)aniline), from Sigma-Aldrich was used without any further purification.
Analytical grade toluene (ACS reagent >99.8%), liquified phenol (USP testing specifications,
≥89.0% and 10% H2O), methanol (ACS reagent >99.8%) and HCl (12 M) were purchased from
Sigma-Aldrich and used as they were. These four solvents were specifically selected because the
spectral position of the n* and * transition of DR1 varies in each of them, as shown
later.
The absorbance spectra were taken with a single-beam spectrophotometer (Agilent 8453
Diode Array UV-VIS) in a 1 cm quartz cell.

The absorbance spectrum of DR1/acidified

methanol at a concentration 1000 times greater than in pure solvents was taken in a 100 m
quartz cell. The contribution from the solvent and the quartz cells was subtracted. The
degenerated 2PA spectra of DR1 in toluene, phenol, methanol and acidified methanol (3 mL of
HCl (12 M) + 2 mL DR1/methanol, pH = -0.86) solution were carried out using the well known
open aperture Z-scan technique18 at different wavelengths. The nonlinear excitation was
performed using a tunable OPG pumped by the third harmonic of a mode-locked, 25 ps fullwidth at half-maximum (FWHM), Nd:YAG laser (EKSPLA), operating at a 10 Hz repetition

79

rate. Typical concentrations of 2.5x10-5 M and 2.5x10-3 M were used for 1PA and 2PA spectra,
respectively.

III.2.2 Theoretical calculation methods
The theoretical calculations presented in this Chapter were carried out in collaboration
with Dr. Artem Massunov, Nanoscience Technology Center and Department of Chemistry, UCF.
The 1PA and 2PA profiles were simulated using the approach described in reference 19.
The ground state geometries were optimized at the Hartree-Fock (HF) level with 6-31G* basis
set. The electronic structure was calculated at a density functional theory level with the hybrid
B3LYP exchange-correlation functional, 6-31G* basis set, and polarizable continuum model
(PCM). This combined B3LYP/6-31G*/PCM//HF/6-31G* approach was found19,20 to provide
rotation barriers, geometries and excitation energies which agree well with experiment for
stilbene and its derivatives. TD-DFT formalism21 implemented in the Gaussian 98 program
package22 was used to calculate the excitation energies (Ω), corresponding transition densities ()
and two-electron (Coulomb) integrals (V) on these densities. The calculated values were input
into a modified collective electronic oscillator (CEO) program23 to calculate first- and third-order
polarizabilities (;) and (-;,,-), respectively. At frequency  the 1PA absorptivity is
given by the imaginary part of the linear polarizability,

,
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(III-1)

where, µgv is the transition dipole moment, corresponding to the |g > to |ν > electronic transition,
ΩV is the vertical transition frequency, and Γ is the empirical linewidth parameter, assumed to be
0.1 eV for all the calculations. The 2PA cross-section (2) is a function of the imaginary part of
the third-order polarizability (-;,,-),23

,

(III-2)

being, ħ the Plank’s constant, n the refractive index of the medium, c the speed of light, and L the
local field factor. The term

(III-3)

is the orientationally averaged third order polarizability γ, in which i and j refer to the spatial
directions x, y and z. Eight-term expression for the third order polarizability, in the CEO
formalism, was derived for TD-HF21 and TD-DFT24 theory levels. Unlike Sum-Over-State TDDFT approach,25,26 CEO does not require quadratic response properties, such as transition dipole
moments between excited states.
The first 24 singlet excited states were taken into account in all calculations. In the
previous study of similar conjugated molecules, 11 states were found to be sufficient to reach
asymptotic values in resonant third-order response properties.27
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To account for solvent polarity, self-consistent reaction field approach was used.10
Nonequilibrium solvation model and integral equation formalism within polarizable continuum
model (IEF-PCM) were employed. In this approach, the molecular-shaped cavity is built around
the solute. In the solute molecule, the charge distribution induces dielectric response from
polarizable continuum outside of the cavity. This response results in the set of effective charges
distributed over the cavity surface. These charges are then included in the molecular Hamiltonian
and affect the energies and electronic structures of the ground and excited states. The accurate
calculations of solvatochromic shifts in protic solvent by polarizable continuum models require
the specific solvent effects taken into account using H-bonded aggregated clusters rather than
bare solute molecules surrounded by the dielectric continuum.28,29 To this extent, three solvent
molecules (either phenol or methanol) were explicitly added to the DR1 molecule to form a
cluster (one H-bond for each nitrogen atom), which was treated at the theory level described
above. The addition of extra solvent molecules H-bonded to the nitrogen atoms or the nitro
groups did not have appreciable effect on the excitation wavelength or transition dipoles. The
protonated species were designed by adding one proton to the N atom of amino- or diazo-group
and reversing the corresponding H-bonded alcohol molecule from H-donating to H-accepting
orientation. This protonation resulted in dissociation of the two remaining H-donating molecules
during the optimization, and the results for the protonated species are reported with one explicit
solvent molecule.
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III.3 Results and discussions
In Figure III-1, we show the 1PA and 2PA spectra of DR1 in toluene and phenol. The
theoretical linear and nonlinear absorption spectra (Figure III-1.a) of DR1 in toluene show a
close overlap, while in phenol the overlap only holds above approximately 440 nm, and another
2PA state of * nature, not active in 1PA, appears at 420 nm. Detailed analysis of excited
state configurations shows that each of 2PA active states presents a mixture of HOMO-LUMO
transition and charge transfer excitation from one of the phenol molecules to LUMO of DR1.
According to our calculations, the nature of the lowest bright (*) and dark (n*)
transitions does not depend on the solvent. In Table III-1, we report the theoretical values of the
oscillator strength (f) and 2PA cross-sections (2) of DR1 in toluene and phenol for these states,
as well as higher-lying bright states. These results indicate that unless one can thoroughly
separate * and n* bands, the only transition apparently visible in either 1PA or 2PA
spectra is the * one.
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Figure III-1. (a) Theoretical spectra of DR1: 1PA (solid line) and 2PA (solid circles) for
DR1/toluene and 1PA (dashed line) and 2PA (solid triangles) for DR1/phenol. (b) Experimental
spectra of DR1: 1PA (solid line) and 2PA (solid circles) for DR1/toluene and 1PA (dashed line)
and 2PA (solid triangles) for DR1/phenol.

83

To corroborate the forecasted results, we measured the 1PA and 2PA spectra of DR1 in
toluene and phenol solutions. Figure III-1.b shows the expected overlap between the linear and
nonlinear absorption spectra of DR1 in each solvent. Also, one can notice that the 2PA spectrum
of DR1/phenol is slightly blue shifted with respect to its linear absorption counterpart, and that a
second peak at shorter wavelength (< 434 nm) emerges. The latter corresponds to a higher
*(n) transition, predicted theoretically (Figure III-1.a) and recently observed by Hernández
and co-workers.10 Agreement between theory and experiment allow us to assign the higher 2PA
state as intermolecular charge transfer and exclude vibronic coupling between the ground and the
first excited state, which can be suggested30 as a source of an additional band. A remarkable
feature is the fact that while the experimental 1PA curve of DR1/toluene is broader, its maximum
appears at the predicted wavelength. Nonetheless, DR1/phenol presents its 1PA maximum at a
longer wavelength than the theoretical spectrum. In experimental curves, the inhomogeneous
spectral broadening is always anticipated at room temperature and in solution. The spectral red
shift of DR1 in phenol can be attributed to partial protonation of DR1 in a weak acid
solution.10,31 The differences between the theoretical and the experimental 2 values (see Table
III-1) are attributed to the pulse width (ps) provided by the laser system. As it was shown by
Belfield and co-workers,32 the 2PA cross-section obtained with picosecond pulses is
approximately 5 to 10 folds larger than that found with femtosecond pulses due to substantial
excited state absorption. At shorter wavelengths, 2PA measurements were not performed
because resonance enhancement effects become exceedingly high.
In Figure III-2, we present the theoretical and experimental 1PA and 2PA spectra of DR1
in methanol and acidified methanol. Calculations in the former (Figure III-2.a), considering the
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formation of hydrogen bonds between methanol and the azo-nitrogens of DR1, show that the
* transition (S1) is centered at 506 nm. The n* (S2) transition, centered at 442 nm, is not
revealed in Figure III-2.a because it is a dark transition (Table III-1) and it remains hidden under
S1 band.8 In the UV region, other small bands appear at 294 nm and 343 nm, corresponding to
higher energy *(n) transitions. In DR1/acidified methanol, the theoretical calculations were
performed considering two different scenarios: a) protonation of one of two azo-nitrogens, and b)
protonation of the amino group in position 8. In the former, neither the order of the excited states
nor the oscillator strengths alter significantly (data not showed). In the latter, protonation of the
amino group eliminates the * state completely (Figure III-2.b), breaks H-bonds between the
methanol molecules and diazo group, making the molecule more flexible. Therefore, this aminoprotonation scenario was adopted for the interpretation of our experimental results. The greater
basicity of the amino group and its steric accessibility for protonation than those of the diazene
group supports our hypothesis of preferential protonation of the amino group.33 Assuming
protonation of the amino group throughout the calculations, we found these results to be in
agreement with the trend observed experimentally, although the spectral position of the n*
band did not match the experimental value exactly. Therefore, calculations at slightly distorted
conformations were performed to match the experimental spectra. Slight (15o) shift along
inversion coordinate (CN=N angle) then can stabilize the dark state down to 700 nm, and 10o
twist along CN=NC dihedral angle enhances the oscillator strength of the dark transition to
0.04. This deformation corresponds to c.a. 2.5 kcal/mol increase of the total energy, which is
thermally accessible at room temperature. The greater flexibility can be interpreted as a decrease
of the bond order along the central N=N bond in protonated DR1 due to charge delocalization
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from the azo-nitrogens to the periphery. This effect confers degrees of freedom to the molecule
at the center.
Figure III-2.a evidences the extraordinary spectral overlap between the theoretical 1PA
and 2PA spectra of DR1/methanol. On the other hand, in Figure III-2.b, the protonated DR1 in
acidified methanol presents totally different 1PA and 2PA spectra. This theoretical result
suggests that by combining linear and 2PA spectroscopy one could elucidate the position of the
excited states of DR1 in acidified methanol.
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Figure III-2. Theoretical 1PA (solid lines) and 2PA (solid spheres) spectra of DR1 in methanol (a)
and acidified methanol (b). Experimental 1PA (solid lines) and 2PA (solid spheres) spectra of DR1
in methanol (c) and acidified methanol (d).

86

To confirm the last statement, we show the experimental 1PA and 2PA spectra of DR1 in
methanol (Figure III-2.c) and in acidified methanol (Figure III-2.d). DR1/methanol presents one
band in the UV at 275 nm and one in the visible at 483 nm. A good agreement between the
theoretical and experimental spectra of DR1/methanol as well as a close overlap between the
experimental 1PA and 2PA spectra was obtained. In contrast, DR1/acidified methanol presents
two absorption bands in the UV at 270 nm and 334 nm, one in the visible at 525 nm, and one
close to the near-IR (NIR) at approximately 677 nm. It can be noticed that in DR1/acidified
methanol, the experimental and theoretical spectra differ significantly. This can be understood
based on fact that DR1 in acidified methanol exists as a mixture of the protonated and
unprotonated forms. Although, in acidified methanol solution, the proton concentration is high at
pH=-0.86; much larger concentration of methanol molecules compete for these protons with the
small amount of solute molecules (the tertiary amine attached to DR1). Relatively weak basicity
of the tertiary amines,33 also contributes to this competition.
To corroborate our hypothesis of partial protonation, we plotted the individual and sum of
the theoretical spectra of DR1 considering a mixture of 92 % unprotonated and 8 % protonated
DR1 in solution (Figure III-3). The percentages of the species present in solution have been
established through the amplitude of the theoretical bands (Figure III-2.a and Figure III-2.b) that
fits better the experimental curve of DR1 in acidified methanol (Inset Figure III-3). The good
agreement between the theoretical and experimental spectra indicates the presence of both
species in the acidified solution. The assignment of experimental spectrum can be made based on
comparison with the two theoretical ones. It includes two absorption bands in the UV, one at 294
nm and 332 nm, one in the visible at 506 nm and one close to the NIR at 677 nm. The band at
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332 nm (absent in pure methanol) as well as the n* band in the NIR reveal the presence of
the protonated DR1 in acidified methanol. In contrast, the observed strong fluorescence emission
at ca. 580 nm confirms the presence of unprotonated DR1 in the acidified methanol solution.10

0.8

1.0

Normalized Absorption

Normalized Absorption

1.0

0.6

*



0.5

0.0
300

450

600

x1000

750

Wavelength (nm)

*

n-

0.4
0.2
0.0
200

400

600

800

Wavelength (nm)
Figure III-3. Theoretical absorbance spectra of a mixture of 92 % DR1 in methanol (dashed line)
and 8 % DR1 in acidified methanol (solid line). Empty circles () correspond to the total
absorbance spectrum of the mixture. The inset shows the experimental (solid line) absorption
spectrum of DR1 in acidified methanol and the total theoretical spectrum of the mixture (empty
circles). Grey square is x1000 zoom out.

Figure III-4 shows a scheme illustrating the first three excited states of DR1 in vacuum,
toluene, phenol, methanol and acidified methanol. The overlap of the n* and * states
illustrates that the total separation of these two states is impossible in the first four
environments.9,10 Yet, the protonated DR1 in acidified methanol exhibits a total separation of the
n* transition from the *(n) band. The position and width of the absorption bands,
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corresponding to each transition, were estimated based on the theoretical values of the maximum
wavelength of 1PA in each solvent and the corresponding Gaussian Spectral Deconvolution
method (GSDM) of the linear absorption experimental bands respectively.10

Figure III-4. Energy schematic displaying the first three excited states of DR1 in vacuum,
toluene, phenol, methanol and acidified methanol. n* (),* () and *(n) ().

III.4 Conclusions
In summary, the systematic experimental and theoretical study of DR1 in different
solutions has revealed the isolated n* band in acidified methanol. We have shown that while
the 1PA can take place between the ground state and n* and *, 2PA can only occur into
the bright * states. In addition, through the study of acidified DR1 solution we have been
able to experimentally observed the n* entirely separated from the main * transition.
The presence of the weak n* band in the red region of the visible demonstrates that both
transitions are sensitive to protonation.
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Throughout the experimental and theoretical evidence shown in previous chapters, the
attention has been focused on the use of non-chiral azo-compounds. As a result, the experimental
observation of the n* band clearly separated from the * band, and the identification of
two-photon absorption signal only for the latter transition, sparked our interest in pursuing a
deeper characterization of the multiphoton absorption properties of azo-compounds as a function
of the polarization of the excitation beam. According the quantum mechanics selection rules, the
use of circularly polarized light should, in principle, induce a favourable two-photon transition
inside the n* band.34 Chapter IV deals with the measurement of polarization dependent twophoton absorption in a series of chiral azo-derivatives.
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CHAPTER IV: LINEAR AND NONLINEAR OPTICAL PROPERTIES OF
CHIRAL AZO DERIVATIVES

Up to now, we have explained the origin of fluorescence emission of Disperse
Red 1 in different solvents, deepened in the knowledge of its excited states and
studied the dihedral angle torsion dependence on temperature of this and other
different azo-compounds using a theoretical-experimental approach. We have
clearly recognized the great importance of utterly understanding the physicalchemical and optical properties of azo-compounds, based on their potential
applications in high density optical data storage systems, optical switching,
polymer-based nanostructures, photonic crystals, molecular motors and nanotweezers, among many others. Therefore, in order to fully characterize this family
of compounds and perhaps, finally uncover the n* transition, we decided to
take on the excitation polarization dependence study of some chiral azoderivatives.
In this chapter, we present the experimental and theoretical study of three
chiral azo-compounds in dimethylsulfoxide solution using mainly linear
absorption circular dichroism (CD) and two-photon absorption circular-linear
dichroism (2PA-CLD). Through the employment of potential energy surfaces and
frontier orbital analysis, we have been able to establish the most stable
conformations and have identified the different electronic transitions in these
compounds. As shown later in this chapter, our theoretical calculations allowed us
to unambiguously identify the spectral position of such transitions and correlate
them with the spectral profiles observed in the two-photon absorption spectra.
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IV.1 Introduction
Organic dyes containing the diazene group (NN), most commonly known as azoderivatives (RNNR’), form part of an extended family of compounds which have shown, as
already mentioned in the previous chapters, potential applications in significant areas such as
molecular sensing,1-3 data storage,4 and nonlinear optics.5 The interest in this particular group of
chromophores also resides in the relative ease of their synthesis and derivatization. Likewise, for
technological applications, they have been identified as some of the most efficient optical
switches due to their ability to undergo fast cis-trans photoisomerization.6,7 More recently, the
study of azo-compounds containing chiral moieties has gained much attention because of their
promising performance as all-optical switching materials,8 liquid crystals,9,10 and thermoplastic
sensors,11 among others. Consequently, the study of the electronic and optical properties of such
molecular entities has been, and continues to be, an active area of research involving the use of
different linear and nonlinear spectroscopic techniques. However, in the case of optically active
azo-compounds, standard techniques give limited information that does not specifically consider
chirality. Therefore, more specialized experimental approaches that contemplate polarization
dependence effects in this type of chromophores have been employed for the study of optically
active azo-compound.
Circular dichroism (CD), which measures the difference in absorption for left and right
circularly polarized light, is among some of the most widely employed spectroscopic methods
for the characterization of chiral compounds.12 According to its definition, CD signals only occur
within absorption bands. The manifestation of a dichroic peak, i.e. positive-negative or negativepositive CD signal, passing through zero at the wavelength of maximum absorption, is called the
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Cotton effect.13 The characteristic amplitude and direction of this effect have been widely used to
investigate the octant rule of steroids, diterpenes and triterpenes and, to study macromolecular
14-16

conformations, among others.

The use of CD, in combination with other techniques such as

optical rotatory dispersion and vibrational circular dichroism,17,18 has provided detailed
information on the conformational dynamics of molecules of biological relevance like proteins.19
Nevertheless, CD has the disadvantage to be based on the linear absorption of the chiral species
of interest, which usually occurs in the UV. It is well-known that most organic solvents absorb in
this spectral region causing the signals to overlap, thus, covering the small contribution to the
signal from the sample, thus impeding in many cases the reliable analysis of the experimental
data. In order to surmount this issue, nonlinear optics has emerged as an alternative approach for
the study of polarization dependent absorption properties of chiral molecules.20 In particular,
two-photon absorption circular dichroism (2PA-CD),21,22 and two-photon absorption circularlinear dichroism (2PA-CLD)23-25 have been theoretically proposed and more recently,
experimentally demonstrated as alternative observables to linear CD. 2PA-CLD is defined as the
difference between the two-photon absorption cross section for linearly and circularly polarized
light,

. Two-photon absorption is a third

order nonlinear optical process which takes place, in the degenerate case, at twice the wavelength
of that of the main electronic transition. Consequently, the linear absorption contribution from
the solvent in the 2PA excitation region of the sample is negligible.
In this part of our work, we focus our attention on the experimental and theoretical study
of the linear and nonlinear absorption of three different chiral azo-derivatives in DMSO
solutions. This rigorous study of the 2PA spectra of chiral azo-derivatives has been performed as
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a function of the polarization state of the excitation beam (linear and circular). Our results are
explained in terms of the nature and position of the main electronic transitions (n* and *)
identified in a series of azo-dyes of our interest.

IV.2 Experimental and theoretical methods
The synthesis of the three chiral azo-derivatives study here; (S,E)-4-((4-(Ethyl(2-(2-(6methoxynaphthalen-2-yl)propanoyloxy)ethyl)amino)-phenyl)diazenyl)benzoic

acid

(Azo09),

(S,E)-2-(4-((4-(Dimethylamino)phenyl)diazenyl)benzamido)propanoic acid (Azo10), and (S,E)2-(4-((4-(Dimethylamino)phenyl)diazenyl)-3-nitrobenzamido)propanoic acid (Azo11), has been
previously reported elsewhere.26 The structure of such compounds is depicted in Figure IV-I.
These samples were provided by Dr. Juhani Huuskonen (Nanoscience Center, Department of
Chemistry, University of Jyvaskyla, Finland) and they were used as received. All measurements
were carried out in dimethylsulfoxide (DMSO) solutions. The linear absorption spectra were
taken with a single-beam spectrophotometer (Agilent 8453 Diode Array UV-VIS) in a 1 cm
quartz cell at a concentration of 2.5x10-4 M. The contribution from the solvent and the quartz
cells was subtracted. The polarization dependent 2PA spectra were carried out using the well
known open aperture Z-scan technique27 at different wavelengths and for two different
polarization states (linear and circular), in a 1 mm quartz cell at a concentration of 2.5x10-2 M.
Circularly polarized Z-scan measurements were performed using an achromatic zero-order
quarter wave-plate (/4) located before the sample. After the /4, circular polarization was
confirmed by measuring the transmission through a broad band polarizer (analyzer). Malu’s law
certified the polarization state of the excitation radiation for all wavelengths.28 The nonlinear
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excitation was performed using a tunable OPG pumped by the third harmonic of a mode-locked,
25 ps full-width at half-maximum (FWHM), Nd:YAG laser (EKSPLA), operating at a 10 Hz
repetition rate.
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Figure IV-1. Structure of the chiral azo derivatives (Azo09-Azo11) studied. 1 and 2 represent
dihedral angles used in the calculation of the potential energy surface.

Density functional theory (DFT) calculations were carried out to characterize the
potential energy surface (PES) and the linear absorption spectra of the azo-derivatives. All
calculations were performed with the Gaussian03 software29 using the hybrid functional
B3LYP30,31 with the basis set 6-31G**. Solvents effects were included within the polarizable
continuum model (PCM) formalism.32 All structures were optimized under C1 symmetry
restrictions. For the PES calculations, the energy of each derivative was calculated as a function
of the dihedral angles formed between the azo-group (N=N) and the phenyl rings on both
sides. As a convention, we have denoted 1 as the dihedral angle formed between the azo-group
and the phenyl ring containing the chiral group, while 2 corresponds to the dihedral angle that
exist between the azo-group and the remaining phenyl ring. For the calculation of the absorption
spectra in DMSO, the first 10 singlet excited states were considered.
98

IV.3 Results and discussions
In order to compare the experimental linear absorption spectra of each azo-compound in
DMSO with their corresponding theoretical counterpart, we optimized first their structures to
reach the most stable conformation. The optimized structures were then used in the calculations
of the vertical excitation transition energies (UV-Vis spectrum) for each chromophore. We
observed that, while for Azo09 and Azo10 the geometries were planar in the central part of the
molecule (azo-benzene core, PhN=NPh), for Azo11, the presence of the nitro (NO2) group
altered the planarity of the molecule introducing a twisted angle of approximately 20o.
Nevertheless, with the aim of verifying that these structures corresponded indeed to the most
energetically favored conformation, we carried out calculations of the relative energies as a
function of the dihedral angles 1 and 2 (potential energy surface, PES). This type of study is
important considering the ability of azo-compounds to undergo cis-trans photoisomerization.6,7
Additionally, it provides an assessment of the electron delocalization for pushpull systems.
Figure IV-2 portraits the potential energy contour for each azo-derivative. For Azo09
(Fig. IV-2a), one can notice that a fully planar structure (1 = 2 = 180o) certainly corresponds to
the most stable conformation. The full scan (360o) across both dihedral angles reveals a
symmetric behavior with 1 showing two energy maxima at 90o and -90o. This is the result of
having the phenyl ring totally perpendicular to the azo-group. On the other hand, 2 present the
same two maxima with an additional peak at 0o. It can be observed that the relative energies of
the structure for 1 equal to 90o or -90o is 2-fold that of 2 for the same angles. In this case,
rotation of the phenyl group containing the amino group bearing the chiral moiety affects the
energy more significantly than the phenyl group containing the electron withdrawing group
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(carboxylic acid). In Azo10, both the chiral group and its position within the molecule have been
changed and, therefore, such a modification is reflected in the PES (Fig. IV-2b). For instance, the
profile shows three maxima peaks for 1 at 90o, 0o and -90o, whereas 2 presents only two
maxima at angles at which the phenyl group is totally perpendicular to the azo-group.
Nonetheless, it is evident that a totally planar structure (1 = 2 = 180o) corresponds to the most
stable conformation for this derivative as well. Similar to Azo09, the relative energy of the
structure for 2 equal to 90o and -90o is two times greater than that of 1 at the same angles,
suggesting that the stability of the molecule is highly governed by the orientation of the phenyl
group that contains the electron donating moiety (amino group). The presence of a nitro group in
the Azo11 derivative breaks the symmetry of the rotation around 1 (Fig. IV-2c). This effect is
mainly attributed to the fact that such a group is not in the same plane as the phenyl ring. As a
result, two maxima at 20o and -90o were obtained. While the first peak corresponds to the
conformation at which the azo-group is the closest to one of the oxygens of the nitro group, the
second one correspond to the situation where the phenyl ring is perpendicular to the azo-group.
However, 2 still behaves in a symmetric way with two maxima at 90o and -90o. A maximum
difference of 15-fold in the relative energy of the structure for these two angles occurs at 20o.
Interestingly, the most stable conformation for Azo11 appears at 1 = 160o and 2 = 180o, which
distorts the molecule from planarity by approximately 20o. After identifying the most stable
conformation of each compound, we proceeded to calculate the theoretical absorption of all azocompounds to compare them with the corresponding experimental spectra.
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Figure IV-2. Potential energy surface (relative energy vs. theta) of Azo09 (a), Azo10 (b), and
Azo11 (c).

A direct comparison between the experimental linear absorption of the azo-derivatives in
DMSO solutions and the theoretical spectra of the same compounds calculated at B3LYP/631G** is depicted in Fig. IV-3. The theoretical spectra were simulated using the GaussSum
software.33 While in Table IV-1 we summarize the spectral position (wavelength) of the
absorption maxima, Table IV-2 shows the individual electronic transitions identified for the azocompounds along with their corresponding oscillator strength.
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Figure IV-3. Experimental and theoretical linear absorption spectra of Azo09-Azo11 in DMSO.
Colored arrows show the position of the maximum absorption wavelength.
Table IV-1. Absorption maximum wavelength (nm) for Azo09-Azo11.

Compounds
Azo09
Azo10
Azo11
445
447
490
Experimentala
a,b
450
447
483
Theoretical
433c
437d
483d
Reported values
a
In dimethylsulfoxide. b B3LYP/6-31G**. c In chloroform. d In dimethylformamide.

Table IV-2. Spectral positions (wavelength in nm) of the individual electronic transitions
identified for the Azo09-Azo11 along with their corresponding oscillator strength (in parenthesis).

Compounds
Azo09
Azo10
Azo11

n-*
422 (0.00)
475 (0.00)
535 (0.00)c
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Electronic transitions
-*
450 (1.32)
446 (1.26)
515 (0.65)

-*(n)
317 (0.00)
307 (0.07)
425 (0.59)

In Figure IV-3, one can observe an excellent agreement in the spectral shape and position
for Azo09 and Azo10. These compounds present a strong single transition centred at 450 and
447 nm, with oscillator strength of 1.32 and 1.26, respectively (see Table IV-2). Such transitions
are assigned to be of * nature based on the analysis of the frontier orbitals, i.e. the highest
occupied molecular orbital (HOMO, H) and the lowest unoccupied molecular orbital (LUMO,
L). In both cases, the HL transition accounts for 80% of the overall transition. Nevertheless,
the theoretical spectrum of Azo11 calculated with its most stable structure does not resemble the
experimental spectrum neither in shape nor in spectral position. Instead, the reported spectrum
for this azo-derivative corresponds to a twisted geometry of Azo11 with 1 = -170o and 2 =
180o. Such a behavior is attributed to the presence of the nitro group which, in solution, tends to
hinder the rotation towards it, favouring the rotation in the opposite direction. Although, for this
spatial configuration the theoretical spectrum is wider than the experimental, the predicted
absorption maximum centred at 483 nm is relatively close to the experimental value. The
observed broadening on the theoretical spectrum is attributed to the presence of two transitions
of medium intensity located at approximately 515 and 425 nm (see Table IV-2) and with
oscillator strength of 0.65 and 0.59, respectively. The transition in the red part of the spectrum is
assigned to a * transition and with an HL contribution of nearly 80%, whereas the
transition at shorter wavelength is ascribed to a higher excited state transition, i.e. HL+1 with
contribution equal to 85%.
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Figure IV-4. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) calculated at B3LYP/6-31G** for Azo09-Azo11.

Based on the frontier orbitals (HOMO and LUMO) calculated for the three chiral azocompounds and shown in Fig. IV-4, one can perform a more detailed analysis of the electron
delocalization in these compounds. Among the most important features to emphasize in this
discussion is the fact that the chiral moieties in all compounds do not form part of the main
electron backbone and, as a result, the charge density does not extend in their direction.
Therefore, one could argue that the optical properties of these entities, e.g. the linear absorption,
are mainly dominated by the electron delocalization in the azo-benzene core. In Fig. IV-4, it can
be observed on the one hand, a noteworthy asymmetry in the HOMO of all the derivatives with
the electron density being highly concentrated on the electron donating group (amino). On the
other hand, the LUMO shows a more uniformly distributed charge density which expands
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through the entire azo-benzene core. Such a distribution in the electron cloud of the molecules
results in a permanent ground state dipole moment of 8.45, 5.67 and 8.28 Debyes for Azo09,
Azo10 and Azo11, respectively. Although Azo10 and Azo11 are structurally alike, the presence
of an electron withdrawing group (nitro) in the latter causes a stronger charge separation in the
molecule which is reflected in a higher ground state dipole moment. These outcomes are
experimentally and theoretically supported by the evident greater red-shifted absorption band of
Azo11 compared to the other two azo-compounds, as a result of its ground state stabilization in a
polar aprotic solvent such as dimethylsulfoxide.
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Figure IV-5. Experimental and theoretical circular dichroism (CD) spectra of Azo09-Azo11.
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With the aim of characterizing the chirality-dependent absorption properties of these azocompounds, we carried out a comparison of the experimental and theoretical one-photon circular
dichroism (CD) spectra of Azo09, Azo10 and Azo11 (Fig. IV-5). The theoretical CD spectra
were simulated using the GaussSum software according to the model proposed by Diedrich et
al.34 The theoretical spectral profile for the first member of this family (Azo09) shows a good
agreement with its experimental analogous. The well defined minimum (red arrow) located at
451 nm is clearly reproduced in the theoretical CD spectrum. Such a negative signal is attributed
to the * transition. From our calculations of the excited states of this derivative, the n*
transition is anticipated to be located at approximately 420 nm. However, from the experimental
and theoretical results, such a transitions seems to remain hidden inside the * transition band.
A second match in the spectral profile (green arrow) is observed at approximately 315 nm. This
peak is attributed to a transition to a higher excited state (S0S3). At this point, it is important to
highlight the fact that our simulations were not able to reproduce the strong positive signal
located at 250 nm and observed in the experimental CD spectra for all three derivatives. We
believe that at higher energies (UV) our calculations fail in accurately predicting the energy of
the excited states.
In the case of the second member of the family (Azo10), a significant difference can be
observed between the profile of the experimental and theoretical CD spectra. The former shows a
single positive signal (red arrow) centred at 425 nm while the latter shows a positive band
(upward red arrow) centred at around 485 nm, a negative peak with maximum at ca. 440 nm
(downward red arrow) and Cotton effect identified at 460 nm. Experimentally, the contribution
from the *and n* transitions within this region seems to overlap, thus resulting in an
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overall positive signal. However, the transitions in question can be resolved and assigned
theoretically based on the position of the two main bands: i) the peak at 485 nm is considered to
be the result of the n* transition and, b) the peak at 440 nm is attributed to the * transition.
Finally, the last member of this azo family (Azo11) also presents clear differences
between the experimental and theoretical CD spectral profiles. While the former shows a single
positive CD peak (red arrow) centred at approximately 480 nm, the latter exhibits two positive
bands (red arrows) centred at 430 and 510 nm. According to our calculations, the shorter
wavelength peak corresponds to the *(n) transition whereas that at a longer wavelength is
assigned to the * transition. In this case, the n* transition remains unnoticed, although
according to our calculations of the excited states the n* transition should be located at
approximately 535 nm.
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Figure IV-6. Nonlinear absorption spectra of Azo09 and Azo10 measured in dimethylsulfoxide.
(a) Normalized linear absorption spectrum (left axis) and two-photon absorption cross-section (2,
right axis) for linearly polarized light (LPL) and right circularly polarized light (RCPL). (b) Twophoton absorption circular-linear dichroism (2PA-CLD) spectra.
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The multiphoton absorption properties of two of the azoderivatives chosen for this study
(Azo09 and Azo10) were evaluated performing polarization dependent measurements of the twophoton absorption (2PA) cross-sections (2). Under the same experimental conditions, Azo11
showed irreproducible data between runs. This behaviour was originated by photo-bleaching of
the sample, perhaps as a consequence of the intramolecular charge transfer linked to the presence
of the nitro group, an entity that can affects the dynamics of the excited states.35 Figure IV-6a
portraits the two-photon absorption spectra obtained for linearly polarized light (LPL) and right
circularly polarized light (RCPL). Each curve has been plotted at half of the excitation
wavelength for direct comparison with the normalized linear absorption spectra of the
compounds (also included). With regard to Azo09 (Fig.IV-6a, top panel), a relative increase in
2, for both, LPL and RCPL is noticed in the spectral region spanning from 370 to 440 nm.
Following 440 nm, the two-photon absorption cross-sections undergo a more dramatic
augmentation, reaching a maximum at approximately 470 nm. After this point, a monotonically
decrease is observed. Based on the theoretical spectral position of the n* (420 nm) and *
(450 nm) transitions for Azo09, the former transition seems to rule the behavior observed in the
two-photon spectra between 370 to 440 nm, whereas the maximum peak observed at longer
wavelength is attributed to the * transition. A relatively different behavior, in terms of the
spectral shape is identified for Azo10 (Fig.IV-6a, bottom panel). According to our theoretical
calculations, in Azo10 the spectral position of the n* and * transitions are inverted, i.e. the
* transition is located at a shorter wavelength (445 nm) than the n* transition which
appears at approximately 475 nm. As a result, the two-photon absorption spectrum reflects a
characteristic position of the excited state and an overlap with the position of the *
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transitions. Above 480 nm, 2 gradually decrease, reaching its minimum at 520 nm. This last
result is a consequence of the dominating character of the n* transition in this region.
Nevertheless, the dependence of the nonlinear absorption on the polarization state of the
excitation radiation remains the same for Azo10, i.e. 2 measured with linearly polarized light is
greater than that measured with right circularly polarized light.
Taking into account the differences observed in 2 for LPL and RCPL, we were able to
determine the 2PA-CLD spectra of both azo-derivatives in DMSO (Fig.IV-6b). Such spectra
allow the further elucidation of the features of the main electronic transitions in terms of spectral
shape and position. First, it is important to highlight that the two-photon absorption probability
for linearly polarized light remains higher than that for circularly polarized light throughout the
entire spectral range. Xu et al. and Macak et al. have already demonstrated that such a
dependence

of

the

two-photon

absorption

cross

section

on

polarization,

i.e.

, is distinctive of compounds for which the electronic transition is mostly
dominated by the trace of the two-photon transition tensor.36,37 From this study, it seems evident
that the spectral position of the * and n* transitions are inverted for Azo09 and Azo10.
The former (Fig.IV-6b, top panel) presents a maximum between 380 and 440 nm which has
already been attributed to the n* transition. As expected, the opposite behavior is observed for
the second derivative (Azo10, Fig.IV-6b, bottom panel) showing a minimum in the same spectral
range. This is a direct consequence of the nature of * transition in this region. Based on these
results, we can definitely correlate the different spectral position of the main electronic
transitions of azo-compounds with the location of the chiral group within the molecule. Although
it was previously stated that the chiral groups did not participate in the main backbone of the
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molecules, the overall electronic distribution and orbital energies seems to be affected by this
group, as observed in Fig. 4. In the case of Azo09, the charge density on the nitrogen of the
amino group bearing the chiral moiety (see HOMO Azo01) appear less concentrated than that in
Azo10 (see HOMO Azo02). In fact, the LUMO in both compounds present an inversion in the
sign of the wavefunction. This final result clearly supports the experimental observations
highlighted above.

IV.4 Conclusions
The linear absorption, circular dichroism, potential energy surface, orbital analysis and
the polarization dependent nonlinear absorption properties of three chiral azo-chromophores
(Azo09-Azo11) have been studied in DMSO solutions. We have found the electronic and optical
properties of these entities to be subject to the nature and position of the chiral moieties within
the structure. Based on DFT calculations, the main experimental spectral features have been
linked to the theoretical position of the n* and * transitions.
The results presented herein show the potential in combining experimental and
theoretical methods to understand chirality-based phenomena for the study of the electronic
structure of these and other chiral architectures. However, more work has to be done in this
respect. In an effort to gain a deeper understanding of these molecular systems we attempted to
measure 2PA-CD on the first two azo-compounds. However, the sensitivity of our experimental
technique was not high enough to resolve the anticipated small difference between 2 for left and
right circularly polarized light. The development of a new experimental approach that allows
measuring such small differences is the focus of the next chapter.
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CHAPTER V: SYNCHRONIZED DOUBLE L-SCAN TECHNIQUE FOR
THE SIMULTANEOUS MEASUREMENT OF POLARIZATION
DEPENDENT TWO-PHOTON ABSORPTION IN CHIRAL MOLECULES
Reproduced with permission of the Optical Society of America from: De Boni, L.; Toro, C.;
Hernandez, F. E. Opt. Lett. 2008, 33, 2958-2960.

Based on the fundamental role that molecular chirality plays in the design of new
drugs, asymmetric catalysis, and nanotechnology, the development of alternative
experimental methods to describe the linear and nonlinear optical properties of
chiral molecules remains crucial. Considering some of the shortcomings of using
spectroscopic tools such as standard circular dichroism (CD) described below, the
quest for techniques that would allow a more precise, reliable and complete
description of the relationship between chiral structures and their electronic
properties demands the use of non-conventional approaches.
In this chapter we report the development of a novel experimental
technique, called the synchronized double L-scan, for the simultaneous
measurements of polarization-dependent nonlinear absorption of chiral molecules
in solution. The high sensitivity of this method resides on the synchronized
measurements of “twin” laser pulses to compensate for energy and mode
fluctuations in the sample. This technique was successfully applied to the accurate
determination of two-photon absorption (2PA) circular dichroism (2PA-CD) and
2PA circular-linear dichroism (2PA-CLD) in a chiral solution. Our technique is
expected to lead efforts in the study of biological systems and in the design of
metamaterials with a negative refractive index at optical frequencies.

114

V.1 Introduction
Chiral molecules have attracted the interest of scientists because of their biological and
pharmaceutical role in enantioselective reactions.1 Attention to these molecules has also been
directed to the design of molecular metamaterials with a negative refractive index.2,3 One-photon
circular dichroism (CD) and optical rotatory dispersion (ORD) have been the techniques of
choice for the study and characterization of chiral systems.4,5 Nevertheless, these methods
present a limitation when studying more interesting natural amino acids and helical structures
with linear absorption in the UV region.4
To tackle the main drawbacks associated with CD and ORD, nonlinear optical
parametric6-8 and nonparametric9-11 processes have been reported for the study of chiral systems.
The latter have been theoretically proposed to take further the fundamental understanding of
such structures using two-photon absorption (2PA) in the visible region12-15. Two-photon
absorption circular dichroism (2PA-CD) and optical rotatory dispersion (2PA-ORD) seem to be
reliable tools to uncover new features on these systems. 2PA-CD is defined as the difference in
2PA cross sections for left,

, and right,

, circular polarizations9. 2PA-ORD can be

determined by a tailored “chiral” Kramers–Kronig relation16. Since 2PA-CD depends on the
transition electric- and magnetic-dipole moments, as well as on the transition electric-quadrupole
moments, the forecasted magnitude is relatively weak, i.e. only a few percent of typical 2PA
cross sections14,15. Consequently, it has been challenging to generate reliable experimental data
on 2PA-CD. To overcome this difficulty, Markowicz et al.17 recently proposed a polarimetric
and polarization-modulated method based on the single-beam Z-scan technique18. This technique
has been recently applied to the study of DNA-based materials using a high-repetition-rate
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femtosecond laser19. On the other hand, two-photon circular–linear dichroism (
electric

dipole-allowed

transition

defined
[where

the 2PA cross section for left or right circular polarizations, and
been proposed12. Although predicted values for 2PA-CLD are in the order of

), an
as
is

for linear] has also
, only our group

has been capable to report such an effect, as already demonstrated in Chapter IV. However, in
our initial experiments the lack of sensitivity due to laser energy and mode fluctuations was still
an issue. Therefore, the development of new versatile methods for the accurate determination of
2PA-CD and 2PA-CLD was still in great need.
In this Chapter, we report the development of a novel double L-scan method that allows
obtaining simultaneously polarization dependent 2PA effects in chiral molecules. Performing
measurements on equal “twin” pulses we compensate for energy and mode fluctuations in the
sample. Under this condition, we demonstrate the accurate measurements of 2PA-CD and 2PACLD in (S)-(-)-1,1’-bi(2-naphthol) (SBN). Differences between these two nonlinear effects are
included in this section.

V.2 Experimental section
A schematic of the double L-scan technique is shown in Fig.V-1. This method is a
modification of the open aperture Z-scan technique18. While the latter is performed by sample
translation along the Z-axis, in our case, the sample (S) is held fixed while the focuses of two
“identical” beams, i.e., same energy and profile, are moved across the sample by translating the
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lenses. The experimental details are explained next. All 2PA measurements were performed on a
8x10−2 M solution of SBN (99.8% purity) in tetrahydrofuran (SBN/THF).

Figure V-1. Double L-scan geometry. Mirrors (M1, M2, and M3), waveplates (WP1, WP2 and
WP3), Glan polarizer (P), beam splitters (BS1 and BS2), convergent lenses (L1, L2, L3, L4 and
L5), silicon detectors (D1, D2 and D3), neutral density filters (DF1, DF2 and DF3), translation
stages (TS1 and TS2), step-motors (SM1 and SM2), synchronization box (SB), Sample (S) and
control box (CB).

The excitation beam was generated by an optical parametric generator pumped by the
third harmonic of a mode-locked Nd:YAG laser operating at a 10 Hz repetition rate and a pulse
duration of 25 ps (FWHM). Between the laser system and mirror M1 more optical elements are
placed for beam expansion, collimation, and spatial filtering. The pump beam power is
attenuated and linearly polarized with a combination of an achromatic zero-order broadband
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(spectral range ~400–700 nm) half-wave plate (WP1) and a broadband Glan polarizer (P). A
beam splitter BS1 (10/90) is used to constantly monitor the weak portion of the laser light as an
energy reference on a silicon detector (D1). The strongest fraction of the laser is split into two
beams by means of a broadband, 50/50 beam splitter (BS2). To control the alignment of the
“twin” beams, two broadband aluminum mirrors (M2 and M3) are used in each individual arm.
To scan at the same time both focal plane positions across S, two achromatic convergent
lenses, L2 and L3 (focal distance = 100 mm, w0  11 m), are moved in the same direction and
displacement (z1 = z2) on two individual translation stages (TS1 and TS2). TS1 and TS2 are
simultaneously translated by coordinating two step-motors, SM1 and SM2, using a
synchronization box (SB). Achromatic zero-order broadband quarter-waveplates (400–700 nm),
WP2 and WP3, are placed before L2 and L3 to fix the polarization state of the incident beams.
Owing to the experimental geometry, S is placed at a 45° angle (see Fig. V-1) with respect to the
incident beams propagation axes, giving an effective path length equal to 1.4 mm (1 mm
thickness cell). The two incident beams are approximately 1 cm apart on the vertical axis (see
Fig.V-1, callout) and both are parallel to the table. As a result, interference effects due to beam
overlapping are avoided. After the sample, L4 and L5 are utilized to fully collect the total energy
of the beams into silicon detectors D2 and D3. Neutral density filters (DF1, DF2, and DF3) are
used to adjust the input energy into the different detectors. The whole setup is synchronized and
controlled with a control box (CB) and a LABVIEW program.
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V.3 Results and discussions
It is expected that fluctuations of the laser energy and mode oscillations between
consecutive pulses alter the local irradiance of the excitation beam, thus changing the relative
signal in a nonlinear optical process. The last characteristic is usually overlooked in most
experiments. Nevertheless, for measurements where small signals need to be differentiated,
mode oscillations and energy fluctuations require careful consideration. Our geometry accounts
for changes in laser performance by splitting the original pulse into twin pulses, subject to the
same type of spatial and temporal fluctuations of the pulsed source. As a consequence, this
approach alleviates the concerns associated with changes in the pulse profile between runs.
Figure V-2 shows the experimental curves (symbols) and theoretical fittings (solid
curves) of the double L-scan signatures (normalized transmittance axis) obtained using four
different input polarization state combinations (see inset energy diagrams) at 460 nm. The
experimental error bars are within the size of the symbols (< 1%). The theoretical fittings were
carried out utilizing the standard equation for the normalized transmittance (NT) versus Z18. In
all cases, exactly the same experimental parameters were considered in both arms except the
2PA cross section values. The slight differences between the experiment and theory, mainly on
the wings of the curves, are attributed to the spatial shape of the excitation beam, which does not
present a perfect Gaussian profile. The subtraction between the corresponding two curves, NT,
is also illustrated in Fig.V-2. Because the definitions of 2PA-CD and 2PA-CLD are expressed in
terms of

, to recover the sign of such processes, NT (see legend in Fig.V-2) must be plotted

as −NT.
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Figure V-2. L-scan signatures and difference between normalized transmittance vs. z position on a
THF solution of SBN, using different polarization state combinations and pumping at 460 nm: a)
linear-linear, b) linear-circular (right), c) linear-circular (left) and d) circular-circular (left-right).

Figure V-2.a shows the simplest case, both beams linearly polarized. The fact that the
two curves are virtually identical reveals that the same irradiance was reached on the “twin”
pulses. Therefore, their subtraction gives a near flat line. This measurement represents a critical
calibration point in which all the relevant parameters of the subsequent experiments [Figs.V-2.a
– V-2.d] are set. Figures V-2.b and V-2.c present the scenario where one beam was linearly
polarized while the other was circularly polarized, right and left (from transmitter), respectively.
In both cases, the linear polarization signatures evidence a higher 2PA effect. However, −NT is
slightly different for each circular polarization (−0.11 for right and −0.09 for left). This is a
consequence of differences in 2PA of SBN/THF for right and left circularly polarized radiation
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in this spectral region. Figure V-2.d shows the 2PA curves measured with right and left circular
polarizations. A value of −NT=0.02 corroborates that the nonlinear effect is indeed susceptible
to changes in the handiness of the pumping beam. Similar results were obtained at different
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wavelengths. Switching polarization states in both arms of the setup grants the same behavior.
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Figure V-3. a) Linear absorption spectrum of SBN/THF solution and molecular structure (inset).
b) 2PA cross-section spectrum for linearly (LP) and circularly (right (RCP) and left (LCP))
polarized light. c) 2PA-CD spectrum. d) 2PA-CLD using right and left circularly polarized
radiation.
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Having established the L-scan technique, we calculated the 2PA-CD and 2PA-CLD
spectra. The 2PA cross sections of SBN/THF were determined for all polarization states over a
broad spectral range. These results are summarized in Figs.V-3.a - V-3.c as linear and 2PA, 2PACD, and 2PA-CLD spectra, respectively. All 2PA data are plotted at half of their excitation
wavelength for direct comparison with the linear absorption spectrum. From Fig.V-3.a, one can
notice that the magnitude of the 2PA cross sections vary for different polarization states over
most of the spectral range analyzed. On the other hand, the shape of the 2PA spectra resembles
the linear absorption, in accordance with selection rules20 for non-centrosymmetric materials.
The 2PA-CD spectrum shown in Fig.V-3.b remains positive down to approximately 216 nm and
changes sign for shorter wavelengths. Interestingly, the shape of this observable mimics the
linear and 2PA spectra as well as the CD reported elsewhere21. On the other hand, 2PA-CLD (see
Fig.V-3.c) shows a difference in magnitude for left and right circularly polarized light. However,
it remains negative for left and right through the entire spectral range analyzed.

V.4 Conclusions
The sensitivity of the double L-scan technique allowed the determination of important
spectral differences between polarization-dependent 2PA cross-sections. We have been able to
fully measure the 2PA-CD and 2PA-CLD of a chiral molecule in solution. These findings
certainly awakened our attention towards a more comprehensive analysis of the 2PA-CD and
2PA-CLD phenomena in chiral molecules in terms of the individual contributions of each
excited state to the overall nonlinear spectral profile. In other words, we expect these “chiral”
nonlinear absorption spectra to act as fingerprints in the identification and characterization of
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chiral molecules. In the following chapters, a full description of these phenomena from an
experimental and theoretical point of view will be presented for the case of axial enantiomers in
solution.
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CHAPTER VI: TWO-PHOTON ABSORPTION CIRCULAR DICHROISM:
A NEW TWIST IN NONLINEAR SPECTROSCOPY
Reproduced with permission of Wiley Interscience from: Toro, C.; De Boni, L.; Lin, N.; Santoro,
F.; Rizzo, A.; Hernandez, F. E. Chem. Eur. J. 2010, 16, 3504-3509.

In solution, optically active molecules show differential absorption depending on
the handedness of the excitation beam. Such statement holds true for both linear
(one-photon) and nonlinear (two-photon) absorption processes. Particularly, twophoton absorption circular dichroism (2PA-CD) has been theoretically anticipated
to provide additional information with respect to the symmetry and nature of the
excited state in chiral molecules given that different selection rules apply to linear
and nonlinear process. However, since the prediction of 2PA-CD back in 1970s,
the lack of “ultra” sensitive experimental techniques for the measurement of this
phenomenon hindered the full determination of reliable 2PA-CD data. We were
able to surmount this issue with the development of the synchronized double Lscan technique described in Chapter V.
In this section, we present a study of the full experimental measurement of
the two-photon absorption circular dichroism spectra of (S)-(-)-1,1’-bi(2naphthol) and (R)-(+)-1,1’-bi(2-naphthol), their analysis and theoretical support.
The finding of new nonlinear optical fingerprints in chiral molecules offers new
opportunities in the recognition and understanding of optically active systems in
regions where CD could present strong limitations.
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VI.1 Introduction
Among several phenomena, homochirality seems to rule the activity of nearly all natural
products in nature, from proteins, nucleic acids, lipids, sugars and amino acids to hormones,
antibiotics, and vitamins.1 Because the specificity of ligand-receptor interactions plays a
dominant role in life processes, a better understanding of the chiroptical properties of optically
active molecules has been fundamental for all studies in biological activity, essentially those
associated with the origin of life itself.2
Molecules not superimposable on their mirror image, such as pure enantiomers, present
differences in linear absorption coefficients and refractive indices for left and right circularly
polarized light. The former effect is the so-called circular dichroism (CD) whereas the latter is
known as optical rotation (OR).3 CD and OR are a manifestation of the interaction between the
radiation fields and the induced electric-dipole, magnetic-dipole and electric-quadrupole
moments. Because the latter vanishes in isotropic media due to rotational averaging, the former
two in cooperation determine the intensity of a transition by the action of photons in solution.
Because of the OR, chiral molecules rotate the plane of polarization of light, a well recognized
effect known as optical activity.
During the last two decades, CD and ORD have made possible the achievement of a
remarkable progress in the understanding of principles underlying chirality and the development
of new applications. CD has strongly contributed to the study of the physical-chemical and
conformational properties of chiral molecules, proteins and polypeptides, in solutions and at
interfaces.4 Nonetheless, the progress and current status of this method presents an important
limitation: it is based on the linear absorption (one-photon absorption, 1PA) of optically active
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compounds which is typically observed in the far and near UV region of the spectrum. In
addition, when working in solution, the linear absorption of common organic solvents in the
same spectral region usually overwhelms the CD signal from the sample of interest. Despite the
success of techniques such as vibrational circular dichroism (VCD)5 and Raman optical activity
(ROA),6 which have yielded major advances in the determination of the absolute configuration
of small molecules as well as in the elucidation of secondary structure in proteins, we believe
that the analysis of interesting biological systems such as natural amino acid structures and the
study of innovative optically active drugs soluble in organic solvents demands alternative
approaches that can reveal unique spectroscopic and structural features at short wavelengths.
Nonlinear optics has opened new frontiers in this direction. Processes such as sumfrequency generation (SFG), second harmonic generation (SHG) and nonlinear optical activity
have been lately reported for the study of chemical and biological chiral systems.7 More recently,
two-photon absorption circular dichroism (2PA-CD) in optically active molecules, first proposed
theoretically by Tinoco8 and Power9 in the 70s, has regained the attention of the scientific
community because of its potential applications in the fundamental study of such structures.10
Two-photon absorption, a third-order nonlinear optical effect, is based on the simultaneous
absorption of two photons with less energy (i.e. longer wavelength) than that required for an
electronic transition induced by one photon.11 Then, for two photons of the same energy, i.e. the
degenerate case, 2PA-CD can be defined as
the 2PA cross-sections

, where

and

are

for left and right circular polarization, respectively (Figure VI-1). In

these processes there is usually no significant linear absorption in the excitation region, hence,
the study of short wavelengths absorbing molecules using 2PA becomes possible. A key feature
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of this process in centrosymmetric molecules is that two-photon transitions obey an even-parity
selection rule instead of the odd-parity for one-photon. Consequently, in optically active
molecules with an approximate centre of symmetry one could anticipate significant relative
intensity differences between 1PA and 2PA transitions. Therefore, having access to 2PA-CD in
chiral molecules will help obtain structural and conformational information analogous to that
which can be derived from linear CD in compounds whose excitation energies are in the
inaccessible far UV.

Figure VI-1. Schematic of the 2PA-CD phenomenon. The degenerated two-photon absorption of
a chiral molecule using two photons with either circular left polarization (top-left) or circular right
polarization (bottom-left) are compared. A simplified Jablonski diagram for 2PA-CD (right) is
also depicted.

2PA processes in chiral molecules depend on the transition electric- and magnetic-dipole
moments and the transition electric-quadrupole moment. Therefore, one can anticipate that a gate
to 2PA-CD will also open access to understanding the contribution of different transition
moments. For instance, information on the importance of the induced quadrupole moment,
whose contribution averages to zero in isotropic samples in linear CD, in electronic transitions of
chiral molecules can be obtained. As a consequence of the small magnitude of the magnetic129

dipole and electric quadrupole transition moments, the measurement of a full 2PA-CD spectrum
has been challenging. Although other interesting approaches related to third-order nonlinear
optical effects have been recently proposed experimentally,12 only resonance-enhanced multi
photon ionization circular dichroism (REMPICD) can give information close to 2PA-CD.13
However, its signal is a mixture of 2PA and excited–state absorption. In addition, REMPICD is a
destructive technique that can only provide analysis in gas phase.
Recently, we have reported the first experimental measurements of the 2PA-CD spectrum
of (S)-(-)-1,1’-bi(2-naphthol) in solution using the novel double L-scan technique.14 The
development of this new method, with high sensitivity and already described in detail in Chapter
V, has permitted us to perform simultaneous measurements of the 2PA polarization dependence
using “twin” pulses.
In this Chapter, we present the experimental 2PA-CD spectra of (S)-(-)-1,1’-bi(2naphthol) and (R)-(+)-1,1’-bi(2-naphthol) (enantiomeric ratio S:R ≥ 99:1 and R:S ≥ 99:1,
respectively), hereafter SBN and RBN, respectively, in solutions of tetrahydrofuran and their
corresponding theoretical spectra, in the 200nm to 350nm wavelength range. We demonstrate
mirror image of the 2PA-CD spectra for the two enantiomers and infer, based on the theoretical
results, the origin of the observed peaks in term of the allowed transitions, their mixing and
probabilities. Because it is well known that the linear and nonlinear circular dichroism spectra of
optical isomers are expected to be mirror images,15 we show the theoretical 2PA-CD spectrum of
SBN as the reverse of that of RBN.
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VI.2 Experimental and theoretical methods
The nonlinear experimental characterization of these two enantiomers was performed
using the double L-scan technique (see Chapter V).14 The two-photon excitation was performed
with an optical parametric generator, pumped by the third harmonic of a mode-locked Nd:YAG
laser, operating at 10 Hz repetition rate and a pulse width of 25 ps (FWHM). The circular
polarization state of the incoming radiation was controlled with an achromatic zero-order
broadband quarter-waveplates (400–700 nm), placed right before the focusing lenses (see Figure
V-1). In order to truly obtain a phase difference of /2 between the electric-field components at
wavelengths closer to the spectral edge of the quarter-waveplates, a small tilt angle was
introduced with respect to the incident beam. The circular polarization of the excitation beam
was carefully corroborated at all wavelengths before any nonlinear measurements by measuring
the transmittance intensity vs. angle through a broadband polarizer (Malu’s Law). In this
Chapter, the rotation direction of the circularly polarized light is defined from the observer and
not from the transmitter as previously delineated in the previous Chapter14. This is a more
standard convention adopted in applications of CD and magnetic CD (MCD) spectroscopy.
The theoretical modeling described below was carried out in collaboration with Dr.
Antonio Rizzo, Dr. Fabrizio Santoro and Dr. Na Lin from the Istituto per i Processi ChimicoFisici del Consiglio Nazionale delle Ricerche, Italy. Such calculations, considering the electronic
contribution to the 2PA-CD, were performed within the Density Functional Theory (DFT)
employing the Becke three parameters Lee-Yang and Parr (B3LYP)16 hybrid functional. The
structure of the most stable isomer of RBN, taken from Ref. 17, was optimized at a DFT/B3LYP
level of theory using the 6-31G+G(d,p) basis set from Gaussian 03.18 We performed calculations
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in gas phase as well as in solvent. In order to include solvent effects, we used the polarizable
continuum model (PCM) in a non-equilibrium regime.19 Calculations were performed over the
first 25 excited states. In order to obtain information on the spectroscopic properties from the binaphthol optical isomers, we used the aug-cc-pVDZ basis set which has been proven to properly
reproduce 1PA, CD, 2PA and 2PA-CD in different organic compounds.10
Then, the formalism proposed by Tinoco,8 and recently implemented by Rizzo et al.,10 was
followed to calculate the degenerate two-photon absorption circular dichroism,

(VI-1).

In this equation,

represents the two-photon circular dichroism rotatory

strength which depends on the polarization and propagation status of the beam as well as
electronic contributions defined according to Sum-Over-States model.10 In equation (1),

and

are the circular frequencies and normalized line shape, respectively.

VI.3 Results and discussions
Figure VI-2 displays the experimental 2PA spectra of RBN and SBN (plotted at half of
the excitation wavelength) for three different electro-magnetic field polarization states as well as
the linear absorption spectra, inserted for comparison. These results reveal that the probability of
transition from the ground state to an excited-stated is reduced using circularly polarized
radiation through almost the entire wavelength range. Also, the two discrete bands observed with
linear polarization, centred at approximately 230 and 275 nm, are less pronounced with circular
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polarization. The observed reduction in the 2PA cross-sections using circularly polarized
radiation can be attributed to restrictions of the number of molecular transitions due to the
dipole-dipole selection rules (the spin angular momentum of a photon). Because the angular
momentum of the photon is completely independent of its energy, a similar effect can be
observed in non-chiral molecules as well. This phenomenon is called circular-linear dichroism
(CLD).20 However, in non-optically active molecules CLD does not depend on the polarization
handedness of the input radiation.
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Figure VI-2. Polarization dependent two-photon absorption cross-section
spectra for SBN
and RBN. The linear absorption spectra (dashed line) and 2PA spectra for linearly ( ), left ()
and right circularly () polarized light are depicted. Solid lines are used to guide the reader.
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Going into some details, at 220 and 250 nm one can observe a relative decrease in the
linear/circular 2PA cross-sections ratio. In the former,

seems to have a strong contribution

from the tails of two distinct adjacent bands, i.e. that corresponding to the * transition of the
C=C centred at ca. 180 nm and that of ring resonance of benzene located at approximately 230
nm. Therefore, the convolution of different excited states within this spectral region, contributes
with different transition probabilities for circular and linear polarized light. A similar behavior
can be observed at 250 nm where a low energy band centred at ca. 275 nm and assigned to the
on-axis -* transition of the naphthalene overlaps with that at 230 nm.
In Figure V-2, one can identify differences in cross-sections for left and right circularly
polarized radiation. These originate in the molecular chirality, and are a consequence of the
coupling between the optical fields and the magnetic and electric induced multipoles.
Furthermore, the dominant contribution to

from left and right circularly polarized light is

reversed for RBN and SBN, as expected. This is in agreement with the model of  electrons
constrained to move in the rotation direction imposed by a helical frame (molecular
constraints).8,9 While conventional electric dipole strength in unpolarized light is indeed usually
dominated by the linear electronic displacement that appears in the transition moment operator,
in optically active systems the rotatory strength is determined by the mixing of magnetic and
electric multipole transition moments, translated, in the model of Refs. 8 and 9, which is
independent of the origin of the chirality, into an electronic displacement along an helical
pattern.
The difference between

and

determines the 2PA-CD, as illustrated in Figure VI-

3.a. It can be noticed that the spectrum of one isomer is the specular image of the other as
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expected. The spectral features obtained by means of 2PA-CD are different from those reported
using CD, for the same compounds.21 This outcome was certainly anticipated based on symmetry
selection rules for 1PA and 2PA. Since linear CD is related to certain allowed transitions in the
chiral system, 2PA-CD offers the opportunity to evaluate chiroptical effects in transitions that are
otherwise one-photon forbidden. Measurements of the 2PA-CD attempted on a racemic mixture
of SBN and RBN did not give any significant signal, as expected and as it can be seen in Figure
VI-3.a. From the figure it can be inferred that our approach can determine the two-photon
circular dichroism with a sensitivity of ± 1GM.
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Figure VI-3. Experimental (a) and theoretical (b) two-photon absorption circular dichroism
spectra for SBN and RBN. The experimental signal for a racemic mixture is also depicted.
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The theoretical 2PA-CD spectra of RBN and SBN are displayed in Figure VI-3.b. The
theoretical convoluted spectra are in agreement with experiment. An orbital analysis of the
excited states reveals that each experimental band results from a complicated balance of
contributions, of opposite sign, coming from several electronic excited states. Within the C 2
framework of our molecules, the ground and excited states are classified as belonging to A and B
symmetry representations, with the ground state being of A character. Excited states in the range
of frequencies of relevance, can be classified in pairs of near lying excitations of different
symmetry (A and B), deriving from a mixing of intra and inter naphthol moiety -* excitations,
and with rotatory strength of opposite sign, yielding a significant amount of cancellation to the
2PA-CD spectrum (Figure VI-4). Prior calculations of the CD spectra of RBN and SBN using
this theoretical approach revealed the accuracy of our method. A good agreement between theory
and experiment was obtained (Figure VI-5).
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at a B3LYP/aug-cc-pVDZ level of theory.

Now a more extensive elucidation of the 2PA-CD spectrum can be completed. From now
on we will mainly concentrate our discussion on RBN since similar arguments apply to SBN.
Our calculations properly reproduce the short wavelength band observed at approximately 240
nm which appear at ca. 220 nm in the theoretical spectrum. This peak results from the rotatory
strengths of several electronic excited states clustered around 230 nm, with a state lying at 234.5
nm yielding the most intense (positive) signal. Its contribution (106% of the area of the peak) is,
nevertheless, only 25% of the sum of the absolute rotatory strengths of the states lying in the
region. Cancellation effects appear to be therefore extremely important in this case. On the other
hand, the peak centred at ~ 315 nm, which is slightly red shifted with respect to that obtained in
the experiment (~ 290 nm), is ascribed to the contribution of two pairs of states with opposite
symmetry, with a net dominance of the second lowest excited state of A symmetry. Note also
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that the near transparency around 270 nm, between the two major bands in experiment, hides a
very strong, almost complete, cancellation of rotator strengths of a pair of excited states (the fifth
and sixth lowest in our calculations) again of opposite symmetry. In addition, the slightly red
shifted shoulder observed at ca. 230 nm in the calculation corresponds to that at approximately
260 nm in the experiment. Finally, the fact that the 2PA-CD spectrum for RBN is positive
through the whole spectral range is apparently due to the strong compensation of positive and
negative signals of states. The notable differences in magnitude between the experimental and
theoretical spectra, a factor of more than three orders of magnitude, can be perhaps attributed to
conformational effects, such as exciton coupling for dimers undergoing electrically allowed
transitions.22 The evidence deserves further detailed scrutiny.
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Figure VI-6. Analysis of the effect of a change in the dihedral angle between the two naphthols in
RBN on the 2PA-CD spectrum. DFT/B3LYP/aug-cc-pVDZ calculations, and convolution with
Lorentzian functions were performed with HWHM of 0.3eV in the energy domain. Curves at 60 o
and 120o overlap at 0 GM.
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The effect of changes in the dihedral angle formed by the two naphthols in RBN was
analyzed by performing a Boltzmann average (based on total energy) over a choice of five
conformers (the increase towards 180° corresponds to the two OH groups getting closer)
differing in the relative orientations of the two rings (Figure VI-6). This is an admittedly
approximate and yet reasonable way to describe the effect of slow vibrational motions in
condensed phase. At each wavelength, the thicker curve (corresponding to the Boltzmann
average) is the algebraic sum of the individual contributions. This preliminary study does not
seem to indicate that the 2PA-CD spectrum might be particularly sensitive to the change in the
angle between the planes of the naphthol rings. In addition, a greater contribution to the 2PA is
expected for picosecond excitation pulses and excited state absorption.23

VI.4 Conclusions
We have measured the polarization dependent two-photon absorption cross-section of
chiral enantiomers in solution. Slight differences between the nonlinear absorption cross-sections
for left and right circularly polarized light allowed the measurement of the 2PA-CD spectrum for
each enantiomer. Ascertained differences in symmetry selection rules and spectral information
between 2PA-CD and CD revealed the existence of complementary information in both
approaches. These results, along with linear and vibrational circular dichroism and Raman
optical activity fingerprints, especially when coupled with state-of-the-art theoretical modelling,
establish a cooperative strategy to unveil molecular characteristics in chiral systems. Our
findings are envisaged to open new opportunities in the recognition and understanding of
optically active systems.
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In the following chapter, we explore the use of two-photon circular-linear dichroism
(2PA-CLD) as an alternative observable to describe the characteristics associated with the
handedness of chiral samples. Although such a phenomenon is not restricted to optically active
molecules, its use in combination with 2PA-CD, standard techniques based on linear absorption
and state-of-the-art density functional theory calculations, is expected to serve as a powerful tool
used for the identification and characterization of chiral compounds.
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CHAPTER VII: TWO-PHOTON ABSORPTION CIRCULAR-LINEAR
DICHROISM ON AXIAL ENANTIOMERS
Reproduced with permission of Wiley Interscience from: Toro, C.; De Boni, L.; Lin, N.; Santoro,
F.; Rizzo, A.; Hernandez, F. E. Chirality. In press.

Up to now, one of the main challenges in the measurement of a full 2PA-CD
spectrum of a chiral sample has been the absence of a sensitive experimental
technique capable of measuring the very small differences anticipated in the twophoton absorption cross-section for left and right circularly polarized. As shown
in the previous chapter, we have been able to overcome this major difficulty by
using the synchronized double L-scan technique. However, the same experimental
approach allows us to consider another attractive nonlinear absorption
phenomenon such as two-photon absorption circular-linear dichroism (2PA-CLD)
as an alternative for the study and characterization of chiral systems.
In the last chapter of this dissertation, we present an experimental and
theoretical analysis of degenerate 2PA-CLD in (S)-(-)-1,1’-bi(2-naphthol) and
(R)-(+)-1,1’-bi(2-naphthol) dissolved in THF. Based on the inherent differential
absorption for left and right circularly polarized light of each enantiomer, the
2PA-CLD reveals similarities and differences between optical polarization states
for the different enantiomers. These results unveil the potential applications of
2PA-CLD for the study and identification of chiral molecules with active and
pivotal role in biological systems and the systematic design of chiral photonic
structures.
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VII.1 Introduction
Since first observed by Louis Pasteur in 1848,1,2 molecular chirality has doubtlessly
become the backbone of an ongoing interest in fundamental and applied research for its
possibilities in relevant areas such as the food and drug industries,3,4 nanotechnology,5 organicbased materials,6 and nonlinear optics,7 among others. A molecule is considered to be chiral if its
mirror image cannot be superposed onto the original one. Although a great amount of effort and

advances have been made towards a precise chemical control of chiral structures using
enantioselective catalysis,8,9 the study and understanding of the photochemistry and photophysics
of these entities remains a major issue to tackle. Because of their inherent difference in spatial
orientation, each isomer of the same chiral molecule (so-called enantiomers) interacts
dissimilarly with polarized light. For instance, the difference in absorption for linearly polarized
light parallel and perpendicular to an oriented axis is known as linear dichroism,
.10,11 Such a difference is only observed for systems that are naturally oriented or are by some
means oriented during the course of the experiment. On the other hand, optical rotation (OR), a
manifestation of a circular birefringence, arises from the difference in refractive indices for right
and left circularly polarized light, and its dependence with wavelength is defined as optical
rotatory dispersion (ORD). The former is manifested when the plane of linearly polarized light is
rotated after passing through a solution of a pure enantiomer whereas the latter effect is responsible

for the natural optical activity observed in chiral molecules. Yet, among other phenomena,
circular dichroism (CD) represents the most studied effect associated with chirality. CD is
defined as the difference in absorbance for left and right circularly polarized light, i.e.
where  is the molar absorptivity.12 Over the last decades, CD has emerged as one of the most
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powerful spectroscopic techniques to unveil spectroscopic features of chiral units, especially
those related with the conformational analysis of proteins and other systems of interest.13,14
Nowadays, an ample variety of circular dichroism techniques are available to thoroughly
comprehend the electronic and vibrational behavior of chiral molecules. Among them,
conventional circular dichroism, also known as electronic circular dichroism (ECD),15
vibrational circular dichroism (VCD)16 and vibrational Raman optical activity (VROA)17 have
become the most widely used methods when trying to identify the absolute configuration of
chiral entities. In this sense, Ranjbar and Gill have recently summarized the physical principles
and advantages of these and some other CD techniques.18 Additionally, Polavarapu, one of the
leaders in this field, has highlighted that even though the information gathered from each of these
techniques is extremely valuable, a combination of more than one chiroptical method is desirable
to study in detail chiral systems since the collected information between techniques is
complementary rather than redundant.19 Nonetheless, it is commonly recognized that CD-based
spectroscopies present a major drawback: they are based on the linear absorption of light in the
UV region where most chiral chromophores and common organic solvents absorb, thus the latter
overlap with the signal of interest, overwhelming it.
To address this and some other limitations, nonlinear optics has offered alternative ways
to study chirality-related phenomena.7,20 Given that the latter depend on the polarization of light,
we can take advantage of the fact that, as stated by Boyd et al., “polarization effects manifest
themselves in an especially dominant manner in nonlinear optical interactions”.21 Therefore, a
wider and deeper characterization of the electronic structure, properties and behavior of chiral
compounds and materials can be achieved in combination with standard CD procedures. Among
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some of the nonlinear optical effects, two-photon absorption (2PA)22 is becoming a powerful
option to study chiral molecules. Such a phenomenon is a third-order nonlinear optical effect based
on the simultaneous absorption of two photons with less energy (i.e. longer wavelength) than that
required for an electronic transition induced by one photon. In particular, one can define two-photon

absorption circular dichroism (2PA-CD) as the difference in two-photon absorption crosssections ( ) for left (

) and right (

) circularly polarized (CP) light, i.e.

. This property was first theoretically proposed by Tinoco23 and Power24 in the
70s, and has recently regained the interest of the community from an experimental25,26 and
theoretical27-30 point of view. The 2PA process has some key advantages over linear absorption
processes: a) it usually occurs in the visible region of the spectrum far from the linear absorption
contribution of the chromophore and most common solvents, and where the tunability of laser
sources is easily achieved; b) it obeys different quantum mechanical selections rules with respect
to one-photon absorption processes, allowing in particular even-parity in contrast to odd-parity
transitions in centrosymmetric molecules, thus, being able to deliver additional information on
the investigated system. However, in some cases where the transition magnetic and quadrupole
dipole moment contributions responsible for the effect are extremely weak it is still difficult to
measure the 2PA-CD signal.
Recently, Wanapun et al. proposed a mathematical expression for a different and much
stronger 2PA optical effect named two-photon absorption circular-linear dichroism (2PACLD).31 This property is defined as:

(VII-1),
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where the subscript CP and LP stands for circularly and linearly polarized, and we have
introduced the circular/linear 2PA ratio,

. Because this effect is governed

by the transition electric dipole moment, it is not purely chiral. Therefore, 2PA cross-sections for
left or right circularly polarized light could be used indistinctly in achiral systems because they
are identical within the electric dipole approximation. However, in chiral systems the difference
between the 2PA cross-sections for left and right circularly polarized light can be experimentally
measured in different enantiomers,26 therefore, 2PA-CLD should present spectral differences for
each circular polarization in both enantiomers.
In this Chapter we report a combined experimental-theoretical study of the 2PA-CLD
spectra of S-(-)-1,1’-Bi(2-naphthol) and R-(+)-1,1’-Bi(2-naphthol), hereafter SBN and RBN,
respectively, in tetrahydrofuran solutions. We also present the experimental 2PA-CLD measured
on 2-Naphthol, the core block of these molecules, for comparison.

VII.2 Materials and methods
VII.2.1 Experimental part
SBN and RBN with enantiomeric ratio S:R ≥ 99:1 and R:S ≥ 99:1, were purchased from
Sigma-Aldrich and used as received. The linear absorption spectra of these two compounds were
measured in a 1 mm quartz cell with an Agilent 8453 spectrophotometer. Typical concentrations
of SBN and RBN in THF solutions, employed for the linear characterization, were kept at
approximately 1.6 x10-4 M.
Nonlinear absorption measurements were carried out in a 1 mm quartz cell using the
recently developed double L-scan technique.25 Linearly polarized radiation, from an optical
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parametric generator (OPG) pumped by the third harmonic of a mode-locked Nd:YAG laser
(EKSPLA) operating at 10 Hz repetition rate, with a pulse duration of 25 ps (FWHM), was
employed for nonlinear excitation. Measurements with circularly polarized light were performed
using an achromatic zero-order quarter wave-plate (/4) located before the sample. After the
quarter wave-plate, circular polarization was confirmed by measuring the transmission through a
broad band polarizer (analyzer). Malu’s law certified the polarization state of the excitation
radiation for all wavelengths. Typical concentrations of approximately 0.08 M were used for the
measurement of the 2PA spectra of the chiral species in THF solution. In order to guarantee the
integrity of the results, linear and nonlinear optical absorption spectra were attempted in the pure
solvent, under the same experimental conditions.
VII.2.2 Theoretical calculations
The theoretical modelling described below was carried out in collaboration with Dr.
Antonio Rizzo, Dr. Fabrizio Santoro and Dr. Na Lin from the Istituto per i Processi ChimicoFisici del Consiglio Nazionale delle Ricerche, Italy. Such study, limited to the analysis of the
electronic contribution to the 2PA-CLD, was performed within a density functional theory (DFT)
approximation relying on the Becke three parameters Lee-Yang and Parr (B3LYP)32,33 hybrid
functional. The structure of the most stable isomer of RBN was taken from Ref. 34 and
optimized at a DFT/B3LYP level of theory with a 6-31G+G(d,p) basis set. Gaussian 0335 was
employed for the scope. Both gas phase and solvent calculations were performed. Solvent effects
were introduced through a polarizable continuum model (PCM) in a non-equilibrium regime.36
The spectroscopic properties of RBN were determined including the first twenty excited
electronic states obtained in response calculations carried out using DALTON37 with the aug-cc148

pVDZ basis set, which was proven to perform adequately in one and two-photon absorption and
circular dichroism studies in different organic compounds.27-30,26,38 For 2-Naphtol we employed
the geometry of one of the two naphthyl moieties of the (geometry optimized) structure of RBN,
without further re-optimization, and carried out the calculation of the TPA cross section for the
lowest twenty excited electronic states using again the aug-cc-pVDZ basis set.
Following McClain,39,23 the two-photon transition rate for linearly polarized radiation in the
case of two photons of equal energy impinging in an isotropic fluid and inducing a transition
from the ground state |0 to the excited state |f can be written as:

(VII-2)
(VII-3)
(VII-4)

where  is the circular frequency, g(2) the normalized line shape (assumed here to be
independent of the excited state), c0 the speed of light in vacuo, and

the electric constant

(formerly known as vacuum permitivity). The sum runs over the  and  cartesian components,
and

is the element  of the two-photon tensor.39 The F, G and H coefficients depend on the

experimental setup, and F = 2, G+H = 6 for two co-rotating circularly polarized photons
propagating parallel to each other, whereas F = 2, G+H = 4 for two linearly polarized photons
also propagating parallel to each other.40,39,23 As already mentioned above, for achiral systems
the two photon transition rate observable when the two photon are both left circularly polarized
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is equal to that measurable for two right circularly polarized photons. When the sample is made
of a chiral ensemble, a difference between the two transition rates arises, and its magnitude is the
.23 This effect arises due to

so-called two-photon circular dichroism,

additional magnetic dipole and electric quadrupole higher order contributions to the transition
rate of Eq. (2), and23,27,41

(VII-5)
(VII-6)
(VII-7)
(VII-8)
We assume the same lineshape for 2PA and 2PA-CD. The two-photon tensors
and

,

involve transition matrix elements of the velocity, magnetic dipole and

velocity form of the electric quadrupole operators. Detailed expressions of these tensors, in the
usual sum-over-states form, as well as a complete analysis of the whole subject can be found for
example in Refs. 27 and 41. The coefficients b1, b2 and b3 are related to F, G and H and they are
given for several experimental setups in Ref. 23. For two co-rotating circularly polarized photons
b1 = 6, b2 = 2 and b3 = -2. In Eq. (VII-5) the formalism proposed by Tinoco,23 and implemented
by Rizzo et al.,27,41 is employed, yielding expressions of the two-photon dichroism which do not
depend on the choice of the origin of the magnetic field also in approximate calculation.41
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With the definitions given above, it is easy to write

,

(VII-9)

which show the relationship between the circular-linear dichroism and the molecular parameters
usually employed and routinely computed in two-photon studies. In equation (VII-9) the

sign

distinguishes between left and right circularly polarized photons. The quantity in square brackets,
due to the two-photon absorption circular dichroism, vanishes for achiral samples, and the
prefactor

(au) allows us to consider the chiral contribution to the circular linear

dichroism as a small perturbation. A series expansion then yields

(VII-10)

with the next contributions discriminating between LCP and RCP involving odd powers of the
TPCD contribution

.
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Figure VII-1. Experimental 2PA-CLD spectra of SBN (a) and RBN (b) in THF. The solid lines
corresponds to
and the dashed line corresponds to
. The molecular
structure of SBN and RBN are shown as insets.

VII.3 Results and discussions
Figure VI-1 depicts the 2PA-CLD spectra (plotted at half of the excitation wavelength) of
SBN and RBN. The molecular structures of both optical isomers are included as insets. The
2PA-CLD spectra were determined measuring 2PA spectra for both molecules from 420 to 660
nm using linearly and circularly (right and left) polarized excitation radiation. A small difference
between right (clockwise) and left (counter-clockwise) circularly polarized light was obtained
throughout this spectral region. This difference, known as 2PA-CD, is only expected in chiral
molecules where the interaction radiation-enantiomer is determined by the small contribution of
the transition magnetic dipole and electric quadrupole moments (see above). This effect has
already been reported for SBN and RBN in the previous Chapters and of course in Ref. 26.
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In Figure VI-1, it can be noticed that the 2PA-CLD is negative all through the range of
wavelength encompassed in our experimental study. Within the spectral range measured, this
reveals that the two-photon absorption cross-section for linear polarization is greater than that for
circular polarization, independent of the rotation direction of the latter. Such a dependence of the
2PA process on the polarization of the radiation has been previously addressed by one of our
collaborators and,42,43 by McClain and co-workers,44,45 Xu and Webb,46 and Ågren and coworkers.47 It is easy to prove that

and

. These authors have found that,

based on the analysis of the polarization state of the laser and the two-photon transition matrix
elements, neglecting the 2P-CD contribution, the ratio of two-photon absorption cross-section for
circularly and linearly polarized light,

, lies between 0 and 1.5. The upper limit is

obtained (assuming total symmetric initial states) for transitions to non total symmetric excited
states. In this case,

, that is the two-photon tensor

is traceless. Values of

lower than 1 are observed for systems where the contribution to the two-photon
transition matrix elements is mostly dominated by the diagonal matrix elements whereas for
close to traceless two-photon tensor such a ratio becomes greater than 1. As a consequence of
these rules, the
observed when

takes values in the range

, the upper limit value being

. Nevertheless, depending on the enantiomer under study, the

polarization rotation direction determines the amplitude of the 2PA-CLD. While in SBN (Figure
VI-1.a) the 2PA-CLD signal for left circularly polarized light is greater than for right, in RBN
(Figure VI-1.b) the opposite trend is observed. This result indicates that light rotating in the same
chiro-axial direction (helical pattern) induces a stronger 2PA in the sample. Such a behavior is in
agreement with the model of -electrons constrained to move in the same rotation direction
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imposed by a helical frame (molecular constraints), which is actually independent of the origin
of the chirality.23 To analyze the behavior of the 2PA-CLD in a case where only the magnetic
dipole and electric quadrupole two-photon tensors are expected to yield vanishing contributions,
we performed measurements on the achiral core building block of SBN and RBN, 2-naphthol, in
the same solvent as well. As expected, in Figure VI-2, one can observe no significant differences
between left and right circularly polarized light. Note that the 2PA-CLD, measured in the 220270 nm range, shows oscillations between -0.1 and -0.4. Calculation predicts a smooth
undulatory behavior with values contained between approximately 0 and -0.05.
After further analysis of Fig.VI-1, one can highlight some similarities and differences in
the spectral features between SBN and RBN: a) at 220 nm and 330 nm, one can observe an
overlapping between 2PA-CLD signal using left and right circularly polarized light for both
enantiomers. Experimentally, it seems like beyond these two points the 2PA-CLD signal might
be inverted. However, 2PA measurements were limited only to the plotted wavelengths because
of the 2PA resonance enhancement on the lower end and the lack of laser tunability on the higher
end; b) both optical isomers present two valleys and one peak at approximately 235, 270 and 255
nm, respectively. However, the 2PA-CLD spectra of SBN and RBN are not specular images. In
addition, while the 2PA-CLD spectra of RBN using left and right circularly polarized light are
virtually identical in shape but not in amplitude, in SBN one can observe differences not only in
amplitude but in spectral shape. This result is not yet well understood. Perhaps the enantiomeric
excess in SBN is lower than in RBN thus causing an artifact in the measurements. Nevertheless,
in order to corroborate our experimental results, theoretical calculation using Density Functional
Theory (DFT) were performed in RBN.
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Figure VII-2. Experimental 2PA-CLD spectra of 2-Naphthol in THF. The solid lines corresponds
to
and the dashed line corresponds to
. The theoretical 2PA-CLD
spectra of this compound along with its molecular structure are shown as an inset.

In Figure VII-3, we show the theoretical 2PA-CLD spectra of RBN using right and left
circularly polarized radiation. It can be observed that the difference in magnitude of
and

is extremely small, and it becomes only evident after zooming in a very narrow

spectral region (320-350 nm, bottom inset). The differences in magnitude between the theoretical
and experimental curves for right and left polarization, already discussed in the last two
chapterss26 and as discussed by Salvadori et al.,48 might be a consequence of the strong exciton
coupling exhibited by SBN and RBN (see also Ref. 49). Further studies have been undertaken in
our groups to understand and quantify the contribution of the latter to the 2PA-CD and 2PACLD processes.
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Figure VII-3. Theoretical 2PA-CLD spectra of and RBN in THF. The bottom inset zooms in the
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. Upper inset depicts the experimental 2PA-CLD spectra
of RBN for comparison.

The theoretical 2PA-CLD changes from positive [

] to negative [

]

above roughly 260 nm, whereas the experimental signal is always negative in the range of
wavelengths shown in Figure VI-3. Nevertheless, the spectral profile computed between 210 and
330 nm is very similar to the experimental one, showing two valleys and one peak at ~280, 330,
and 300 nm, respectively. A direct comparison with the experimental spectrum (shown in the
inset) would therefore suggest that a red spectral shift of ca. 50 nm should be applied to the
theoretical curves. A closer inspection on the whole set of data available for the system under

156

analysis allows to refine these conclusions. The experimental 2PA spectra (both CP and LP)
showed in Chapter VI26 exhibit two main peaks, at 280 and at 230 nm, respectively. The
theoretical spectra, shown in Figure VII-4 together with the corresponding experimental
measurements, have a similar shape but, while the position of the higher-energy band is in very
nice agreement with the experiment, the low-energy band is red-shifted to 320 nm. This
evidence applies also to the ECD spectrum.26,50 Taking this into account, it is clear that the 280
nm region of the 2PA-CLD experimental spectrum should be compared with the 330 region of
the theoretical counterpart. This results in a very nice agreement between the two spectral curves,
since they both show a shallow negative minimum (the experimental one being deeper). On the
contrary, the 230 nm region of the 2PA-CLD experimental spectrum should be compared with
the same region of its theoretical counterpart, thus showing a disagreement in the sign of the
signal. Although the experimental LP 2PA absorption is measured to be stronger than the CP
2PA (both for RCP and LCP), the opposite is true for the theoretical spectrum. Nevertheless, it is
interesting to notice that, in the same energy region the comparison of the experimental and
theoretical 2PA-CD spectrum is very satisfactory,26 as far as the sign and the spectral shape is
concerned (albeit theory strongly underestimates the intensity). Such a multifaceted
experimental/theoretical comparison indicates a quite complex scenario, which is not surprising
given the dimension of the system and its conformational flexibility, as well as the large energy
region under investigation. The latter encompasses more than 20 different molecular electronic
states. As a consequence, the quality of the theoretical reproduction of related but different
spectroscopic signals as ECD, 2PACLD, and 2PA-CD, depending differently on several
transition dipoles and quadrupoles, may not be always the same.
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Figure VII-4. Theoretical two-photon absorption spectra of RBN for linearly and circularly
polarized light (solid and dashed line, respectively). Inset depicts the experimental two-photon
absorption spectra for the same enantiomer.

We conclude noting that, as anticipated, below 220 nm, i.e., within the 2PA resonance
enhanced region, an experimental positive 2PA-CLD signal should be expected. Note that the
theoretical simulations indeed predict a positive 2PA-CLD below 230 nm. On the other end of
the spectrum, the signal should remain negative until longer wavelengths, in agreement with the
theoretical predictions.
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Table VII-1. The molecular parameters
See Eqns. (VII-3)-(VII-8) in the text.

Excited
state
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Wavelength
(nm)
385
389
401
403
440
442
466
466
479
479
499
505
523
529
531
532
538
540
545
548

and

0.00
1270.92
0.00
5.62
0.00
591.28
0.00
12.12
974.75
0.00
0.00
40.26
0.00
119.65
0.00
508.53
283.06
0.00
31.44
0.00

, in atomic units, computed for RBN.

57.43
1156.53
121.39
679.81
280.08
519.06
32.01
8.87
1056.76
6.88
66.94
522.45
1053.19
873.23
369.44
1521.52
240.58
721.84
645.95
15.42

In Table VII-1 the molecular parameters

and

13.82
-116.40
-2.13
-7.69
133.79
-164.17
10.10
-0.22
-5.39
-6.41
-11.01
20.59
-3.48
-104.15
0.03
51.71
-41.12
83.13
-14.22
0.59

5.39
6.37
-6.49
2.24
-9.07
17.72
2.47
-1.08
8.44
-0.53
27.75
-36.03
-26.62
-18.29
8.84
98.49
6.30
-26.15
-28.99
-10.53

0.00
-146.42
0.00
2.67
0.00
-67.69
0.00
0.01
-12.90
0.00
0.00
-42.28
0.00
43.78
0.00
61.72
-13.50
0.00
-8.93
0.00

, in atomic units, computed for

RBN according to the definition given in Eqns. (VII-3)-(VII-8) above are reported for the twenty
lowest excited states determined in the calculations, together with the corresponding excitation
wavelengths. The pairing structure of nearly degenerate states arising due to the mixing of intraand inter naphthyl ring excitations and assigned within the C2 symmetry to total symmetric A
and antisymmetric B representations is immediately evident. The total symmetric states are all
easily identified due to the vanishing

and
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molecular parameters.

VII.4 Conclusions
In conclusion, 2PA-CLD of chiral substances reveals differences in spectral shape and
magnitude between optical isomers for left and right circularly polarized excitation radiation.
Using Density Functional Theory within Tinoco and Power’s model allows us to predict the
shapes of 2PA-CLD spectra of chiral systems. Differences in magnitude between theory and
experiment are likely to be attributed to exciton coupling, for which further theoretical analysis is
mandatory and will be the subject of future work. 2PA-CLD can reveal differences in molecular
structural and electronic changes in optical isomers. This novel approach is anticipated to find
applications in conformational studies of optically active systems, biological interfaces and
protein dynamics.
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CHAPTER VIII: FUTURE WORK
Based on the multidisciplinary nature of the research presented in this dissertation,
several experimental and computational techniques were utilized throughout the different stages
of the project to exploit the potential of linear and nonlinear spectroscopic methods as tools for
further understanding some of the intriguing phenomena associated with chirality. Nevertheless,
with the aim of expanding the impact of these results as well as gaining more insight into the
electronic structure of chiral systems, we propose the following approaches:



Embark on a systematic study of structure-property relationship in chiral derivatives to
determine the effect of electron conjugation, electron donating or withdrawing groups, and
solvent on the nonlinear absorption properties such as 2PA-CD and 2PA-CLD.



Understand conformational effects leading to exciton coupling for chiral dimers undergoing
allowed transitions.



Explore the potential of using noble metal nanoparticles of different size, shape and
composition to enhance the nonlinear absorption cross-section of chiral chromophores
attached to them or in their close vicinity. The main foundation on this matter have been
reported in the literature where authors mostly deal with the effect of metal nanoparticles on
the linear optical properties of chiral entities.1,2 This could be of substantial benefit to detect
two-photon circular dichroism and circular-linear dichroism signal in samples lacking
conjugated moieties or strong push-pull archetype such as aminoacids.
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APPENDIX A: OVERVIEW OF FLUORESCENCE EXCITATION
ANISOTROPY
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Fluorescence excitation anisotropy

Excitation anisotropy is a very powerful analytical technique used to determine the
spectral position of the excited states of a chromophore based on the estimation of the angle
formed between the absorption and emission transition moments.1 Therefore, with the
information gathered with this procedure, one could selectively excite an individual transition of
the molecule and correlate that with the A succinct explanation of the foundations of this
technique is presented below.
When a fluorescent sample is excited with polarized light, a relaxation process takes
place by emitting light that is, in principle, polarized as well. As consequence, the term
anisotropy (r) is defined to describe the extent to which the emitted light is polarized, i.e.
samples that present r  0 are said to exhibit polarized emission. The mechanism for the
observation of polarized emission is based on the fact that in a homogenous solution the
chromophores in their ground state are randomly oriented. However, when the molecules are
exposed to polarized light, those chromophores with their absorption transition moment oriented
in the same direction of the electric field vector of the excitation beam are preferentially excited.
As a consequence, the population of the excited states is no longer randomly oriented, with a
relatively higher number of excited molecules having their emission transition dipole oriented
along the electric field vector of the exciting light.
In the ideal case, the angle between the absorption and emission transition moments is
expected to be parallel. Nevertheless, depolarization of the emission can occur, mainly by a

167

rotational diffusion mechanism. Therefore, to reduce the contribution from the latter during the
anisotropy measurements, solvents of high viscosity are used.
The experimental determination of the anisotropy is carried out by performing
measurements of the emission intensity as a function of the orientation of the excitation beam
with respect to the direction of a polarizer placed at a right angle with respect to the excitation
source (See figure below). When the emission polarizer is placed parallel to the polarization of
the excitation beam, the intensity collected is assigned as

. On the other hand, when the

emission polarizer is set perpendicular to the direction of the polarized excitation beam, the
intensity collected is denominated

.

z

Light
source

Polarizer

x
y
I
III

Polarizer

Detector

Anisotropy (r) is a dimensionless quantity defined as the difference between those two
intensities, normalized to the total intensity:
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The relationship between anisotropy and the angle between the absorption and emission
transition moments is written as follow:

This provides valuable information concerning the angle () between the absorption and
emission dipoles moments. Higher values of r0 correspond to virtually collinear dipole moments
that can be related, in most common dyes, to S0S1 transitions. Variations in values of r0,
usually found at shorter wavelengths of the absorption band, correspond to transitions to higher
excited states. For the sake of clarity, it is important to emphasize that contributions to the
excitation anisotropy from “pure” electronic transitions is an ideal case. Frequently,
inhomogeneous broadening and overlapping between excited states are essential aspects to be
considered.
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APPENDIX B: GAUSSIAN BEAMS
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Gaussian beams

In order to perform the Z-scan experiments, it is important to work under the
approximation of using Gaussian beams. Below, a brief description of the characteristics of these
types of beams is presented.1,2 Basically, a Gaussian function (see Figure below) is a negative
exponential that is a function of the square of the variable, in this case, the distance (r) measured,
in a transverse plane, from the central axis of propagation (z). Due to the fact that the beam
disappears radially, it is important to put an arbitrary boundary to its width. For that, the
parameter w = r is defined, as the beam half-width, the distance at which the electric field of the
beam drops from its maximum value E0 to E0/e. Therefore, the intensity of the beam at any point
can be described as:

I0
Beam waist

I  I 0e 2 r

2

/w

w0

2

2 w0

zR
z= 0
0

r

171

w(z)

Under a focusing geometry, the parameter w changes as a function of the propagation
axis (z) according to:

where w0 is the beam waist at the focal point,  is the light wavelength, and z is the position
along the propagation axis. A practical measure of the divergence of a Gaussian beam is the
distance over which its cross-sectional area doubles. Such a especial distance, denominated
Rayleigh range, corresponds to the value of z for which

. It can be calculated from

the following expression:

Another important parameter in the description of a Gaussian beam is the radius of
curvature (R(z)) of the wavefronts that comprise the beam, which is also a function of the
position (z):
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APPENDIX C: EXCITED STATES CALCULATIONS WITH GAUSSIAN 03
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Excited states calculations with Gaussian 03 software

The formulation used in the calculation of the vertical excitation energies (UV-Vis
spectrum) of a molecule in the Gaussian 03 software1 is based on the formal foundations of the
time-dependent density functional theory (TDDFT).2 The following is a brief overview of this
theory, as described by Stratmann et al.3
First, the time dependent Kohn-Sham (KS) equation,

eff

is derived assuming that a potential
orbitals

eff

exits for an independent particle system, whose

create the same charge density

as for the interacting system. Such a

potential has the form,

eff

SCF

is an applied field (perturbation) and

where

SCF

contains the exchange-correlation

potential.
For a system that is initially in the ground sate, the effect of the perturbation introduced
in the KS Hamiltonian by turning on an applied field
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is, to first order,

.

Here,

is the linear response of the self-consistent field arising from the change

in the charge density. The external field perturbation is expressed in terms of frequency. Then,
the formalism proposed by Casida is followed for the calculation of the excitation energies.2 For
a finite system, the polarizability must be given by:

where the I index labels different excited states,

and

are the corresponding excitation

energy and oscillator strength.
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